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ABSTRACT
ADSORPTION OF BIOMOLECULES ON CARBON-BASED NANOMATERIAL AS
AFFECTED BY SURFACE CHEMISTRY AND IONIC STRENGTH
FEBRUARY 2017
PENG DU, B.A., SHANDONG UNIVERSITY OF TECHNOLOGY

Ph.D, UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Baoshan Xing

In the first project, we examined adsorption of bovine serum albumin (BSA) and
lysozyme (LYZ) on carboxylated (CM), hydroxylated (HM) and graphitized (GM) multiwall carbon nanotubes (CNTs). All adsorption isotherms were fitted well with Langmuir
model. Maximum adsorption capacities (mg/g) followed: HM>CM>GM for both BSA
and LYZ, which positively related to the surface areas of the three CNTs. However, after
surface area normalization, adsorption capacity (mg/m2) followed: HM>GM>CM for
BSA and GM>CM>HM for LYZ, indicating that functional groups and hydrophobicity
of CNTs also contributed to protein adsorption. In addition, adsorption of LYZ (77,50096,800 mg/g) was at least 280 times higher than BSA (124-275 mg/g) for all the three
CNTs. BSA molecules on CNTs surface mainly showed a mono-layer adsorption while
LYZ adsorption was through multi-layers. Moreover, BSA (0-13000 mg/L) was able to
disperse the three CNTs. However, no significant dispersion was observed for all the
three CNTs in the presence of LYZ at the same concentrations. The results revealed that
α-helix structure of both proteins diminished after interacting with the three CNTs. This
research will be helpful to clarify the mechanism of protein adsorption on functionalized
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CNTs, and would be of importance for using CNTs in biomedical and pharmaceutical
fields.
In the second project, we studied adsorption of BSA and LYZ on graphene and graphene
oxide such as flakes (FGO) and powders (PGO). Maximum adsorption capacities (mg/g)
were followed: FGO>Gr>PGO for both BSA and LYZ, which is in the same order of the
surface area size of each graphene. The adsorption maxima of BSA on three graphene
were positively related to the concentration of sodium phosphate. However, the
adsorption maxima of LYZ were in an opposite order, indicating that ionic strength could
have different effect on the adsorption behavior of protein on graphene oxides. The
dispersion of protein and graphene oxides hybrids was also affected by the functional
groups on the surface of graphene oxides and ionic strength. From this study, BSA could
disperse the GO into solution and prevent the sodium ions aggregating the GO layers by
removing free sodium ions from the solution. However, LYZ could help sodium ions to
aggregate the GO layers due to few sodium ions could interact with the LYZ and the two
hydrophobic cores on the surface of LYZ. Furthermore, the α-helical structure of both
proteins diminished after coated on the surface of graphene. However β-strand content
was increasing at the same time, indicating 2-D β-strand might be more stable on the flat
surface of graphene. This research will be helpful to clarify the mechanism of protein
adsorption on GO, and would be of importance for using GO and Gr in biomedical,
environmental and pharmaceutical fields.
Key words: nanotechnology, graphene, carbon nanotubes, protein, dispersion, adsorption
mechanisms
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CHAPTER 1
INTRODUCTION
1.1 Nanotechnology and Engineered Nanoparticles
Nanotechnology is the field that involves understanding material at the nanoscale.[1] The
Environmental Protection Agency (EPA) defines nanotechnology as “the creation and use
of structures, devices, and systems that have novel properties and functions because of
their small size” and as “the ability to control or manipulate matter on a small scale”,[2]
while the U.S. National Nanotechnology Initiative describes nanotechnology as “the
understanding and control of matter at dimensions between approximately 1 and 100
nanometers, where unique phenomena enable novel applications”.[3]
Today,

scientists

debate the potential

implications

of nanotechnology since

nanotechnology may be able to create new materials with outstanding properties and
devices with a wide range of applications. In the future, nanotechnology may help people
to cure some diseases that cannot be cured right now, such as HIV and cancer.[4] Profit
from the nanotechnology industry jumped into the trillions of dollars in 2015 and is
expected to reach three trillion dollars by 2020.[5] However, the overuse of
nanotechnology raises concerns of issues such as the toxicity of nanomaterials.
Nanomaterials (NMs) are defined as nanoscale materials with as least one dimension in
the range of 1 to 100 nm. Generally, NMs have their unique optical, magnetic and
thermal properties due to their dimension and size.

In future, the applications of

manufactured nanomaterials will definitely grow tremendously.[6] Due to huge economic
interest, nanotechnology presents a rapid growth in the economic sector and continuously
1

evolving changes in technology, markets and products (Figure 1). Therefore, the
production of NMs has been increasing every year. Generally, naturally occurring
nanoscale materials (NOMs) are very common in nature and are very likely playing an
important role in ecosystem dynamics. For instance, bismuth oxide nanoparticles were
discovered in volcanic dust in 1997.[7] Carbon nanotubes, carbon fullerenes and silicon
dioxide nanocrystals were found in a 10,000-year-old ice core by the group of Murr et al.
in 1991.[8] Engineered nanomaterials (engineered NMs), which defined as the NMs
created by manipulation of matter to produce new materials, structures and devices, are
another branch parallel to the NOMs.[9] Engineered NMs were generated based on the
NOMs, which indicates that engineered NMs will have most of the properties of
counterpart NOMs. In addition, scientists now try to purify engineered NMs and coat
extra chemical groups on the surface. In this case, the functional groups will enhance the
merit of engineered NMs.
However, large-scale production of engineered NMs indicates a high possibility that
organisms and ecosystems may be exposed to high concentrations of engineered NMs
with unknown consequences. In this sense, it is important to understand the transport,
persistence, bioavailability and toxicity of NMs to ecosystems. Therefore, the application
of NMs is becoming an urgent environmental problem. Now, there are more than 1,000
nanotechnology-based consumer products listed on the PEN website with NMs mainly in
cosmetics, cordless power tools, waterless car washes, toothbrushes, recreational-boat
hulls, guitar strings, golf clubs, tennis rackets, computer chips, plastic wrap, tea and
building insulation.[10] Clearly, NMs are widely used during daily life. Generally, NMs
may include individual nanoparticles (NPs), NP composites, macroscopic objects
composed of NPs (thin films) and other objects composed of materials having at least one
2

dimension of 1-100 nm in length with novel properties.[3, 11] In this study, we mainly
focus on carbon-based NPs.

2020
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Figure 1 Market timeline: projection for the worldwide market of finite products that
incorporate nanotechnology.[6]
Nanoparticles, which are considered as a bridge between bulk particles and atomic or
molecular structures, are defined as particles with at least two dimensions of 100
nanometers or less. Nanoparticles are classified as natural, incidental and manufactured
NPs. Naturally occurring NPs can be found in most places throughout the atmosphere,
soil, ocean, and terrestrial water system.[12, 13] Although the overall mass distribution of
natural NPs is not yet clear, the ocean seems to likely have the largest collection of NPs
because rivers act as a transport pathway and eventually empty into the ocean. As
illustrated, naturally occurring NPs have existed in the environment for many years.
However, the role natural NPs have played in biological evolution is not quite clear.
Since the beginning of the Industrial Revolution, levels of incidental NPs in the
environment have risen dramatically due to manufacturing waste and the combustion of
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fossil fuels. It is difficult to distinguish between naturally occurring, incidental and
manufactured NPs. For example, incidental carbon-based nanomaterials are reported to
have been released from burning wood, and natural gas combustion;[12] fullerene (C60)
has been discovered in candle soot and geologic deposits.[14]
Engineered NPs primarily include metal NPs, oxide NPs, fullerene and carbon nanotubes.
They have the same chemical composition as their larger counterparts, however there are
still some differences between nanomaterials and their larger counterparts. First three are
smoothly scalable size-dependent effects, which are related to the fraction of atoms at the
surface. Second are quantum effects, which show discontinuous behavior due to quantum
confinement effects in the material with delocalized electrons.[15] These factors affect the
chemical reactivity of materials as well as their mechanical, optical, electric, and
magnetic properties. For example, bulk particles of an inert material like gold may be
reactive at the nanoscale[16], and a nontoxic bulk particle of some kind may become toxic
at the nanoscale. Silver as a bulk particle is nontoxic, however silver nanoparticles are
very active in killing viruses upon contact.[17] A large number of researchers have focused
on the toxicity of NPs (nanotoxicity) in the past.[18] As the EPA has noted, nanoparticles
and products containing them may also affect aquatic and terrestrial ecosystems
differently than do products made up of larger particles of the same material.[2] NMs may
undergo a wide range of weathering or “aging” processes at change their surface
chemistry. The biological and chemical transformations that occur are redox reactions,
interactions with natural organic matter or adsorption of heavy metals such as, Hg, etc.[11]
Therefore, research of the toxicity of nano-scale materials has been playing an essential
role in the development of nanotechnology, which we will discuss later in this proposal.

4

1.2 Carbon Nanotubes, Functionalized Carbon Nanotubes and Relative
Applications and Toxicity
•

Carbon nanotubes (CNTs), as a part of engineered NPs (ENPs) are allotropes of carbon
with a cylindrical nanostructure.[19] Nanotubes have been made with a length-to-diameter
ratio of up to 132,000,000:1, which is significantly larger than any other material.[20]
They are categorized as single-wall carbon nanotubes (SWCNTs) and multi-wall carbon
nanotubes (MWCNTs). The CNTs that contain one layer of a rolled graphite sheet with a
diameter on the order of a few nanometers are called SWCNT, whereas several SWCNTs
with different diameters concentrically nested together with outer diameters commonly
between 30-50 nm are called multi-walled CNT.[19] The length of carbon nanotubes often
ranges from 100 nanometers to 10 or more micrometers. CNTs have many outstanding
properties, such as large surface area, well ordered structure, ultra-light weight, rich
electronic properties and excellent chemical and thermal stability which account for their
extraordinary performance in most fields of science.[21] Due to the special properties of
manufactured NPs, CNTs are widely used in our daily life. Today, CNTs are components
of various consumer products and numerous new applications are expected to contain
CNTs, such as battery materials[22]. In addition, CNTs are widely used in environmental
applications, such as hydrogen storage, gas sensors, nanotube micoroelectrodes,[23] waste
water treatment, and air pollution monitoring.[24] The global commercial production
capacity of CNTs has grown from approximately 300 tons/year in 2006 to 4500 tons/year
in 2011 and is expected to increase even further. However, with the large number of
potential applications, the possibility of negative effects caused by CNTs exposed to the
environment is becoming a prominent concern.

5

Recent studies mainly focus on the environmental release pathways, fate, and toxicity of
ENPs. Some of the most important research is to study ENPs and characterize both
pristine ENPs and ENPs coated by environmental matrices. A group of experts suggest
that some of the characteristics that should be first studied for environmental research are
the size, dissolution, surface area, surface charge and surface chemistry.[25]
First, how to effectively and quantitatively analyze the CNTs is a tough issue. CNTs are
different from environmental organic pollutants. They are heterogeneous typically with a
broad range of diameters and lengths. In this case, chromatography cannot be applied to
quantify CNTs. In addition, CNTs can not be quantified by measuring the element of
interest, which is usually applied for inorganic chemicals. Nevertheless, there are still a
few techniques mentioned in previous studies that have been used to quantitatively
analyze the concentration of CNTs in the aqueous phase such as UV/vis,[26,

27]

spectrometry,[28-30] thermal optical transmittance,[31] and radioactivity measurements for
nanoparticles that have been radioactively labeled.[32, 33] However, these techniques are
limited by the physiochemical properties of CNTs and the presence of other particles
which exist in the solution. For instance, UV/vis may be limited by the aggregate form of
CNTs, the presence of natural organic matter (NOM) or other biomolecules in the soils,
while radioactive labeling is limited by high cost, safety issues and availability.[32, 34, 35] In
addition, spectrofluorimetry can only determine well dispersed SWCNTs but cannot
quantify MWCNTs in aggregate form.[29, 36] In summary, widely used techniques are not
available to determine the concentration of CNTs.
Secondly, it is difficult to remove CNTs from the environment once they are there. It is
well recognized that once exposed to the environment, CNTs are very likely to interact
6

with bacteria, proteins, organic matter, minerals, and plants. Some materials such as
proteins and oganics matter disperse CNTs into water, therefore preventing the CNTs
from precipitating.[37] In addition, CNTs can aggregate together and hide in cells and
animals such as fish and stay there for a long time due to their long-lasting stability.[38]

4
3
2

1

Figure 2 Primary adsorption sites of carbon nanotubes. [39]
Nanoparticles have numerous potential applications in biology and medicine due to their
extraordinary physiochemical properties. The size of NPs is small enough to interact with
cellular machinery and potentially reach some previously inaccessible targets such as the
brain.[18] Due to their extremely high surface to volume ratio, NPs have a very active
surface chemistry compared with their bulk particle equivalents. Therefore, NPs are more
likely to reduce their large surface energy by interacting with medium components.
CNTs are also widely used in medical biology, bioelectrochemistry, biomedical devices,
and cellular delivery of peptides and proteins. Numerous researchers have focused on the
outstanding behavior of CNTs in biosensors,[40-43] drug delivery,[44-46] nanoinjectors,[47]
gene therapy,[47] and tissue engineering[48]. Although carbon nanotubes have recently
7

become one of the most widely studied nanomaterials, the toxicity of nanotubes is still
unclear. Figure 3 shows the pathways through which carbon nanotubes can enter the
human body.
Due to the numerous potential applications, CNTs are highly susceptible to being
released into the environment (air,water and soils) where they can come into contact with
and eventually go into the human body (Figure 3). Therefore, it is important to determine
the pathways for human exposure in the future. It is well recognized that inhalation of
manufactured NPs including CNTs in ambient air is an important pathway into the
human body.[49] Some research proved that diesel exhaust and other flame exhausts could
release MWCNTs.[50] In this case, the surface of the CNTs could be oxidized by O3,OH
and NO3 radicals after the CNTs are exposed to the atmosphere.[51] Some other factors
could also influence the stability of CNTs in the air, such as the humidity in the air.
Researchers have shown that the adsorption of air is thermodynamically favored, and the
stability of small diameter nanotubes could be enhanced after expossure to humid air.[52]
Liu et al. proved that exposure of CNTs to the atmosphere could significantly change
their toxicity by changing their surface chemistry.[53]
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Figure 3 Pathways of CNTs exposed to the environment and the human body.
CNTs also have the potential of exposure to aqueous ecosystems by the discharge of
industrial wastewater into surface water bodies. Both Oberdorster and Velzeboer proved
that some nanoparticles, which can escape from the treatment plants, are exposed to the
natural aqueous environment and remain in the water for long periods.[54, 55] Numerous
papers have shown that CNTs may have macro-level effects on aquatic animals.
Aggregation of CNTs usually makes them too large to pass directly through the alveolar
walls. However, the aggregation can block the alveolar space, which causes a series of

9

lung pathologies such as perivascular, peribronchial and interstitial infiltration of
inflammatory cells, central and peripheral atelectasis (lung collapse), emphysema
(destruction of alveolar support structures) and alveolar exudation. [56]
When nanoparticles are exposed to the aquatic ecosystem, scientists treat them as
pollutants or use them to remove the organic containments. Therefore, it is necessary to
know the impact that nanomaterials have on wastewater treatment. Physicochemical
properties of CNTs allow CNTs to remove organic and inorganic contaminants from
industrial wastewater with high efficiency.[19,

57]

First of all, we need to know the

available adsorption sites on the surface of the CNTs. Due to Van der Waal forces, CNTs
rarely disperse into aquatic systems, but rather form larger sized aggregates. There are a
few types of sites available on the surface of carbon nanotubes including internal sites,
interstitial channels, grooves and outside surface (Figure 2).[58] In addition, adsorption
properties of CNTs depend on several factors, the first of which is the contribution of
individual adsorption sites. Most adsorbates can be adsorbed onto the surface and the
grooves especially when the adsorbent is closed-ended CNTs. However, only small
molecules can enter the hollow interior of individual nanotubes, and the interstitial
channels between individual nanotubes in the bundles. For example, when produced both
ends of the CNTs are generally closed, the first step of adsorption occurs in the grooves
between adjacent tubes on the perimeter of the bundles and the largest accessible
interstitial channels, as observed for Kr and CH4,[59] but adsorption of larger molecules
such as Xe and SF6 only occurs in the grooves.[60] The second step can be assigned to the
adsorption onto the convex external walls.[61] For purified opened CNT bundles,
adsorption proceeds first by the population of the walls inside the opened nanotubes and

10

forms one-dimensional chains in the grooves at the outer surface of the bundles, followed
by the filling of the remaining axial sites inside the nanotubes and the completion of a
quasi-hexagonal monolayer on the outer surfaces of the bundles.[58] It is interesting to
note that the adsorption reaches equilibrium much faster on external sites (grooves and
outer surfaces) than on the internal sites (interstitial channels and inside the tubes) under
the same pressure and temperature conditions. The external sites are directly exposed to
the adsorbing material; the adsorption process on internal sites has to be initiated on the
ends of the pore, followed by diffusion to the sites in the interior.[62, 63]
Many industries produce or use complex organic chemicals such as pesticides,
pharmaceuticals, paints, dyes, detergents and plastics, leading to wastewater
contamination by a wide variety of organic chemicals. However, how an organic
chemical is adsorbed onto CNTs cannot be easily determined due to the many different
mechanisms that may occur simultaneously like hydrophobic interactions, π-π bonds,
electrostatic interactions, and hydrogen bonds.[19, 64] Carbon nanotubes with functional
groups not only present the same extraordinary adsorption behavior of regular carbon
nanotubes, but also have the advantage of specific chemical bonding. For example,
oxidized and hydroxylated CNTs have a stronger capacity to combine with the metals
Ni,[65,

66]

Ag,[67] Cu,[68] Am (III),[69] and rare earth metals.[70] Therefore, chemically

modified NPs have been proposed to be used for environmental cleanup and may be
released into the environment.[71] On the other hand, CNTs can exist in wastewater as a
pollutant because the nanoparticles themselves are very active and likely to interact with
aquatic surfaces and biological species. Due to potential hazards, when wastewater
containing CNTs reaches a wastewater treatment facility, two main issues need to be
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discussed: (1) the removal efficiency and (2) if CNTs are toxic to the diverse bacterial
community responsible for both pollutant and contaminant removal. There are also
numerous pathways for CNTs to be exposed to soil ecosystems like atmospheric
deposition or from factory discharge. When nanoparticles are introduced to the soil
ecosystem, their size, charge and agglomeration rate are predictive of their mobility in the
soil. Silver nanoparticles can be adsorbed by plants, potentially causing the plants to
die.[72] In addition, silver nanoparticles were reported to kill healthy soil bacteria, such as
Bradyrhizobium, at low concentrations. It was also reported that carbon nanotubes could
enter into cells by passive nano-penetration and active endocytosis.[73] Consequently,
determining the pathways by which nanoparticles enter cells is an urgent problem in need
of further investigation.
Due to the potential application of MNPs, the toxicity of CNTs has gained great attention
in MNPs study. Some studies have reported that some characteristics of CNTs play an
important role in toxicity studies such as metal impurity, [74-76] surface modification,[77, 78]
agglomeration,[79, 80] layer number,[81, 82] shape and length (Table 1).[83, 84]
Due to the redox activity of CNTs, their inhalation will cause oxidative stress and result
in inflammation, epithelioid granulomas, fibrosis and biochemical changes in lungs.[85, 86]
There are some additional papers that show the toxicity of CNTs in animals. Warheit et al.
focused on the toxicity of CNTs in rats. The experiment showed that pulmonary
deposition of single-wall carbon nanotubes resulted in acute pulmonary inflammation as
well as chronic responses.[21] Wang et al. injected well-dispersed CNTs with hydroxyl
groups into mice and demonstrated that the CNTs can move freely in compartments and
tissues and ultimately accumulate in the liver and kidneys. Constantine et al. also
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indicated CNTs could be toxic to cells and damage DNA by activating many pathways at
once.[87]
Table 1 Toxicity of CNTs.[88]

Metal impurities

Cells/animals

Types of CNTs

CNT toxicity

H460 in lung

SWCNTs containing different

Nickel is bioavailable at toxicologically

concentration of Ni and Y

significant concentrations
Surface modification CNTs have less

Surface

human

Acid-treated,

modification

monocytoe-

SWCNTs

Agglomeration

water-soluble

aggregation in lysosomes and cytoplasm

macrophages

and there are no significant changes in

(HMMs)

cell viability or structure

dorsal

root

ganglion (DRG)

Agglomerated
better

SWCNTs;

dispersed

SWCNT

bundles
Layer number

Shape

Highly

agglomerated

SWCNTs

significantly decrease the overall DNA
content

Alveolar

SWCNTs,

MWCNTs

macrophage

(diameter 10-20 nm)

Normal mice

Asbestos-like MWCNTs

SWCNTs>MWCNTs

Length-dependent

inflammation

and

formation of granulomas is observed
Length

Normal mice

MWCNTs 15-20 μm or longer

Long MWCNTs can cause inflammation
and granulomas

As illustrated above, original CNTs have numerous outstanding properties and also
potentially wide applications in a variety of academic areas. However, some of the
applications remain at the experimental stage because there are still some unsolved
problems with CNTs such as high levels of aggregation and high cytotoxicity. Thus,
many strategies have been proposed for functionalizing carbon nanotubes, which can
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improve their solubility, biocompatibility and alter their cellular interaction pathways, all
resulting in much-reduced cytotoxic effects. Functionalized CNTs are described as the
graphitized

CNTs

coated

with

chemical

functional

groups,

polymers

or

biomacromolecules (e.g., DNA, proteins)[89] in order to improve their chemical and
biological properties. The functionalization can break the nanotube bundles, which is the
first step to improving the dispersion of carbon nanotubes in solution. Some studies
suggest that different functional groups on the surface of CNTs could dictate a varying
level of dispersion. Among numerous functional groups that have been made, polymerwrapped carbon nanotubes disperse the best in solution.[90] Compared to graphitized
CNTs, functionalized CNTs have higher bioavailability and stability for effective use in
biomedical and chemical applications.[91] The unparalleled optical and electrical
properties of functionalized CNTs are excellent for bioimaging.[92] In addition,
functionalized CNTs can also improve their drug delivery efficiency by the specific
recognition sites between the functional groups and target cells.[93] Vardharajula et al.
reported that functionalized CNTs could reduce cytotoxic effects by improving their
dispersion and biocompatibility.[89] However, there is still a lack of information about the
impact of CNTs on human health, especially the interactions of CNTs with common
proteins. Thus, determining the interaction mechanisms between proteins and
functionalized CNTs will greatly help to understand the health risk of CNTs at a
fundamental level.

1.3 Graphene, Graphene Oxide and Relative Applications and Toxicity
Due to its outstanding mechanical, electronic, optical and catalytic properties, graphene
(Gr), an allotrope of carbon, has gained great attention since it was first found by
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Novoselov and Geim in 2004.[94-97] Today, several methods have been successfully
applied to preparing the Gr sheets at laboratory level, such as micromechanical
exfoliation of graphite,[94] chemical vapor deposition,[98, 99] and solution-based chemical
reduction of graphene oxide (GO) to Gr.[100] However, the large-scale manufacture of
high-quality graphene sheets is still in development. The graphene model is a single layer
of sp2-hybridized carbon atoms joined by covalent bonds. However, due to
hydrophobicity and van der Waals force, several layers will stack together. Therefore, Gr
nanomaterials can be classified as “fewer-layer” graphene (2-5 layers), multilayer
graphene (2-10 layers) and graphite nanoplates (2D graphite material with a thickness
and/or lateral size less than 100 nm).[101, 102] Similar to functionalized CNTs, graphene
oxide (GO), as an intermediate product during synthesis of reduced graphene oxide
(rGO), and has different functional groups distributed throughout all the surfaces of the
graphene (Figure 4). These functional groups could include carboxylic, hydroxyl, or
epoxide groups.[103-105] Additionally, GO sheets have good solubility due to enriched
surface functionalities, indicating the surface functional groups can provide plenty of
extra reaction sites for small molecules. Due to the huge theoretical surface area,
abundance of surface functional groups and fast electron transfer, Gr can be used as an
adsorbent for wastewater and drinking water treatment,[106,

107]

membranes for

desalination,[108] sensors[109] and energy generation and storage.[110] In addition, graphene
shows outstanding behavior in medical research, such as tissue engineering,[111] contrast
agents/bioimaging,[112] polymerase chain reaction,[113] devices,[114] drug delivery[115], and
blood glucose testing.[116]
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Similar to the CNTs, Gr also has a great potential to be exposed into the environment.
Therefore, the risk graphene poses to the aquatic environment is becoming an increasing
concern, since these materials may be potential environmental pollutants. Previous
studies showed that rGO is more toxic than the antibiotic kanamycin, because lower
minimum inhibition concentration of rGO was observed in four types of pathogenic
bacteria (Escherichia coli, Salmonella typhimurium, Enterococcus faecalis and Bacillus
subtilis). This result indicated that graphene nanosheets have greater antibacterial activity
compared to the standard antibiotic kanamycin and GO, while rGO with a smaller size
and fewer layers exhibits higher antibacterial activities than graphite oxide and
graphite.[117] However one study from another group indicated that the thickness of the
nanosheet is more important than the lateral size for antibacterial activity,[118] which may
be due to the sharp edges of graphene breaking cell membranes and causing cell death.[119,
120]

Compared with CNTs, the toxicity of graphene is still at a very early stage of

investigation. Hu et.al found that both GO and carboxyl SWCNTs could cover the
Chlorella vulgaris surface. But the uptake efficiency of carboxyl SWCNTs is double that
of GO. Carboxyl SWCNTs affected starch grain and lysosome formation and higher
reactive oxygen species (ROS) levels more than GO did. In addition, SWCNTs behaved
higher inhibition rate to the cell than GO did. [121] Similar conclusion, which was made by
Chen’s group, also tested the toxicity of GO and MWCNTs in a human cell line. The
results show that GO has moderate toxicity to organisms, while MWCNTs exhibit acute
toxicity leading to a strong inhibition of cell proliferation even at relatively low
concentration.[91]
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In addition, it was demonstrated that protein molecules could be directly adsorbed onto
the surface of Gr, GO and rGO, by interacting with the intrinsic surface of graphene and
the functional groups on the surface. Hydrophobic interactions, π-π stacking, hydrogen
bonding, amide bonding and electrostatic interactions were reported to be the
predominant forces during the protein and graphene interaction. [122, 123]

C

A

B

Figure 4 Vertical view of A: pristine graphene; B: graphene oxide; C reduced graphene
oxide.

1.4 Proteins and Their Characteristics
The blood plasma protein serum albumin (BSA), as a globular protein, represents 52%-62%
of the total plasma protein fraction (38mg/mL). The structure is shown in Figure 5 and
consists of three domains with a total 580 amino acid residues with 17 intrachain
disulfide bonds and one free thiol group at residue 34.[124] BSA is in the soft protein class,
indicating the secondary structure can be changed easily (Figure 5). The b-factor map
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(Figure 5C) shows the stability of the secondary structure of BSA. More blue indicates
that the secondary structure of that period is more stable in aqueous solution. From the
image, we can clearly notice that the hydrophilic surface of BSA is most unstable, while
the hydrophobic core located at the bottom of the protein is more stable. The isoelectric
point of BSA is 4.7, indicating that the total surface charge of BSA will be negative in pH
7 solution. The graphs show (Figure 5 A and B) that the negative charged surface (red
surface) is distribution over all the BSA proteins, while there are still some areas on the
surface show the positively charged (blue area). The most important physiological
function of serum albumin is to maintain the osmotic pressure and pH of blood, as well as
transport a wide variety of endogenous and exogenous compounds including fatty acids,
metals, amino acids, steroids and drugs. Serum albumin is found in all animals with
blood and has various cellular functions such as biochemical catalysts, energy sources,
molecular messengers, structural components and transport vehicles. Therefore,
Mahmoudi suggested that a complete understanding of the adsorption mechanisms
between a protein film of this and materials should be reached in order to discover the
biological response, especially in vitro, to a material.[21]

A

B
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C

Figure 5 Space filling model of bovine serum albumin molecule. (A): Front view of
surface charge mapping; (B): Back view of surface charge mapping; (C):b-factor
mapping.
Lysozyme (LYZ) derived from chicken egg whites is a single chain polypeptide of 129
amino acids cross-linked with four disulfide bridges.[125] There are two main domains in
the lysozyme protein. The first domain occurs from amino acids 1-35 and 85-129, and the
second domain occurs from amino acid 36-84.[126] The first (A) domain contains a core of
hydrophobic side chains that are packed closely together (“hydrophobic box”). In contrast,
in the second (B) domain of the protein there is no hydrophobic core; instead, hydrogen
bonds and a number of small hydrophobic clusters appear responsible for the definition
of the tertiary fold. The b-factor shows that the secondary structure of the lysozyme is
relatively firm (Figure 6C). The LYZ preparation is purified from chicken egg whites,
crystallized three times, dialyzed, and supplied as a lyophilized powder. Protein content
by UV absorbance is ≥90% with the remainder (10%) being buffer salts such as sodium
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acetate and sodium chloride. The isoelectric point of the lysozyme is 11.5, indicating that
the total surface charge will be positive at pH 7 (Figure 6A and B).
B

A

C

Figure 6 Space filling model of the LYZ molecule. (A): Front view of surface charge
mapping; (B): Back view of surface charge mapping; (c): b-factor mapping of LYZ.
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CHAPTER 2
LITERATURE REVIEW
2.1 Biomolecules adsorption on nanoparticles
As discussed earlier in this paper, nanoparticles could have different mechanical,
chemical, electrical, optical, magnetic, electro-optical, and magneto-optical properties
than their bulk counterparts, and these properties are dependent on the particle size.
Several researchers reported that unless adsorbed onto the bulk particles, environmental
biomolecules could form a biological corona on the surface of NPs and the interface of
NPs and biomolecules is called the “bio-nano interface”.[21]
BSA is a model protein due to its relatively high structural stability and has a wide range
of applications in molecular biology.[127] Numerous papers focus on the interaction of
BSA proteins with nano/bulk particles, hydrophobic or hydrophilic surfaces and polymer
materials. BSA adsorption onto three types of oxide nanoparticles (TiO2, SiO2 and Al2O3)
and their counterparts in bulk particles were investigated in deionized water.[128] The
predominant driving forces are electrostatic interactions, hydrophobic interactions and
ligand exchange. Freudlich and Langmuir isotherm models were applied to fit the data.
Most isotherms follow a typical Langmuir model except for α-Al2O3 , where a Freundlich
model had the best fit likely due to the multilayer adsorption of BSA. Kim et al.
discussed the adsorption mechanisms and morphology of three proteins (lysozyme,
fibrinogen, and BSA) on hydrophilic silica and hydrophobic polystyrene as a function of
protein concentration using infrared-visible sum frequency generation (SFG) vibrational
spectroscopy in combination with fluorescence microscopy. The results showed that
more proteins could be adsorbed onto either the hydrophobic or hydrophilic surfaces with
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increasing concentration of proteins. In addition, for a specific protein, a larger amount of
the protein was observed on the hydrophobic surface than for the hydrophilic surface.
Lastly, SFG data indicates that on the hydrophilic surface, methyl group density in BSA
and fibrinogen was obviously increased with the increasing concentration of proteins
(Figure 7A, 7B and 7C). It suggested that with more BSA and fibrinogen proteins in the
solution, all the methyl groups on the protein surface are detectable. However, lysozymes
seemed to be constant and concentration independent, indicating with more LYZ in the
solution, the methyl groups were buried into the interface between the protein interface.
However, on hydrophobic surfaces, the methyl density of all three proteins are
corresponding to a lower SFG signal density with the increasing concentration of proteins.
This is the first paper to show that multilayer adsorption mechanisms for lysozyme could
be occurring. However, the factors, which may contribute to the multilayer adsorption,
are unclear. Monolayer adsorption of BSA on hydrophobic polymer surface and TiO2
particles was also supported by two additional experiments.[129, 130] Similar experiments
were studied by Jeyachandran et al., who discussed the adsorption mechanisms of BSA
proteins onto hydrophobic (polystyrene) and hydrophilic surface (GeOH). Optimized
complexes of BSA on PS and GeO2 surfaces are shown in 7D and 7E. The results are
determined based on calculating the interaction energy of the three domains on two types
of surfaces. The hydrophobic pocket of BSA will interact with the hydrophobic surface,
indicating that the hydrophobic interaction may be the predominant driving force for
BSA adsorption onto hydrophobic surfaces. On the other hand, hydrogen bonding, amino
binding, and electrostatic interactions could play an important role in BSA adsorption
onto hydrophilic surface.
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The secondary structure of BSA protein was also discussed after adsorption onto the
surface using the IR spectrometer.[131, 132] The α helix and β structure didn’t charge very
much after one hour exposed to the hydrophobic and hydrophilic surface compared to
those after 4.5 hours. However, the percent of α helix of BSA on the hydrophobic surface
(53 ± 4.7%) is less than on the hydrophilic surface (70 ± 1.7%), indicating that
hydrophobic interactions have a stronger influence on changing the secondary structure
of BSA protein. The amide I (C=O) approximately at 1665 cm-1 and amide II (N-H)
d onto either the
approximately at 1540 cm-1 ratio decreases after BSA protein adsorption
hydrophobic or hydrophilic surface, indicating that the secondary structure will diminish
after interacting with other surfaces. One study discussed behaviors of BSA adsorption
on well-dispersed multiwall carbon nanotubes (MWCNTs).[133] The results showed that
the hydrophobic pocket of BSA would become exposed after being adsorbed onto CNTs.
In addition, the hydrophobic and aromatic residues in the binding pocket of BSA would
interact with the hydrophobic surface of CNTs.
A

B

C

D
Higher protein concentration
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E

Figure 7 The adsorption morphology of (A) Lysozyme, (B) Fibrinogen and (C) BSA[134]
and the binding interface of BSA protein on (D) hydrophobic surface and (E) hydrophilic
surface[131], respectively.
In our study, the CNTs have a curved surface, which could have a higher potential impact
on the secondary structure of proteins. Hydrophobic interactions, especially π-π stacking
interactions[135, 136] and electrostatic interactions[137] are reported as predominant driving
forces in CNTs and protein binding. Mu et al. proved that the larger sized diameter CNTs
have stronger protein binding compared with smaller diameter CNTs. This result is
consistent with previous findings on spherical silica nanoparticles.[138, 139]
pH is another important factor that has the potential to influence the adsorption behavior
of proteins. It is well recognized that different pH could have a great effect on the
structure and stability of proteins. Huang et al. described the interaction between two
proteins (ubiquitin and fibrinogen) and self-assembled monolayer coated gold NPs
(AuNPs) in two pH solutions (7.4 and 4), respectively.[140] At pH=4, only fibrinogen
showed a positive surface charge, while at pH=7.4, both proteins and the nanoparticles
showed a negative surface charge. The results indicated that at pH 7.4 the AuNPs and
protein hybrids could disperse well into the solution after two proteins have bonded onto
the surface of nanoparticles. However, at pH 4, the hybrids started to aggregate together
and formed larger sized aggregations, indicating that different protein structures and
surface charges could have a great influence on protein adsorption behavior. One study
also discussed the influence of pH on adsorption mechanisms of lysozyme (isoelectric
point is ~11.5) on silica nanoparticles.[141] The electrostatic interactions were enhanced
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by decreasing the pH and the protein-nanoparticle hybrids started to aggregate at pH 5,
which is consistent with Huang’s results.[140]
Temperature also plays an essential role in protein assembling on solid-liquid
interfaces.[142] The proteins assembled on the surface of silicon wafers could be released
to the buffer solution at 30 °C while the proteins stayed on the surface when the
temperature went up to 80 °C. Also, the proteins stayed on the surface of the silicon in a
protein solution at 30 °C and more protein was adsorbed onto the surface at 80 °C. The
results indicated that desorption into the buffer solution and adsorption by the protein at
different temperatures are dependent on the properties of the proteins like surface charge,
size and stability. In addition, BSA adsorption onto microgels is also temperaturedependent. More BSA adsorbed onto the hydrophobic polymer coated microgels due to
the structural changes of the BSA protein where more hydrophobic pockets were exposed
to the surface.[143]
Surface composition and heterogeneity of nanoparticles were reported to influence
nanoparticle and protein interactions.[140, 144] In this part, isothermal titration calorimetry
was used to explore the thermodynamics behind two proteins (ubiquitin and fibrinogen)
and three type of polymers coated on the AuNPs interaction. The results illustrated that
ubiquitin can be adsorbed onto AuNPs coated with pure 11-mercapto undecanesulfonate
(MUS) ligands (-SO3- with negative surface charge) by electrostatic interactions due to
the similar Gibbs free energy change as the protein on a 2:1 molar mixture of MUS and
1-octanethiol (OT) coated AuNPs (66-34 OT). The free energy was different when
ubiquitin was in a 2:1 molar mixture of MUS and a branched, apolar version of OT
coated AuNPs (66-34 brOT) which formed a molecular scale heterogeneous surface,
25

indicating the ubiquitin used a different site to bind onto 66-34 brOT which contributed
to a low enthalpy and entropy release. The same methods were also used to study the
adsorption sites of bovine serum albumin onto the same-coated AuNPs.

When the

surface was coated with MUS/brOT, the BSA showed a “side-on” conformation on
AuNPs. However, if MUS was distributed like a “stripe”, then the BSA had “end-on”
adsorption onto AuNPs (Figure 8).

Figure 8 The “side-on” combination of BSA protein with MUS-brOT on the left and the
“end-on” combination of BSA with “stripe-like” 66-34 brOT on the right.
The basic adsorption mechanisms of proteins onto CNTs could be clearer if the proteins
are broken down into amino acids. Three amino acids (L-glycine, L-Lysine, and LPhenylalanine) were used to interact with oxidized SWCNTs in research by Piao et al.[145]
Fourier transform infrared spectroscopy (FT-IR) was used to determine the interaction
mechanisms of three kinds of amino acids binding onto the surface of oxidized CNTs.
For the phenylalanine adsorption onto oxidized CNTs, π-π stacking seems to be the
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predominant driving force coupled with intermolecular hydrogen bond, and hydrogen
bond. The hydrogen binding and amide binding approved to occur only when the amino
acids interacted with the functional groups, which were located at the edge of the
nanotubes. However, the intermolecular hydrogen bonds are rare because the monolayer
adsorption of amino acids onto oxidized CNTs is well recognized.[146] For lysine and
glycine adsorption onto oxidized CNTs, polar interactions should be the driving force. In
this case, the protein adsorption onto oxidized CNTs is more likely to be aided by several
amino acid residuals working together. In addition, oxidized SWCNTs-AA samples
showed stable dispersion in water due to steric repulsion and electrostatic repulsion.
The phenomenon that proteins are able to disperse CNTs is well recognized in the
literature. A couple of papers have proved the mechanisms of protein dispersal on
unmodified CNTs. Aggregation of SWCNTs was evaluated in the presence of natural
organic matter, alginate, BSA and Luria-Bertani (LB) with different concentrations of
sodium chloride and calcium chloride.[147] Both monovalent and divalent salt can
accelerate CNTs aggregation due to the ability of cations in reducing the negative
electronic repulsion among the particles. However BSA can disperse the carbon
nanotubes because of steric repulsion originating from the adsorbed BSA layer. In
addition, the hydrophobic pocket of BSA can interact with the surface of the CNTs,
thereby exposing the hydrophilic surface to the solution, which may also contribute to the
dispersal of CNTs. However, in another paper, human serum albumin (HSA), lysozyme,
papain and pepsin were used to disperse the SWCNTs.[148] The results showed that the
turbidity of SWCNTs in the presence of Na cholate was twice as much as the turbidity of
SWCNTs in BSA solution. To prepare well-dispersed CNTs, well mixed CNTs and
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protein solutions were sonicated. Using this method, the structure of the proteins can be
destroyed. Even if the CD spectrum proved the existence of a secondary structure, the
signal may be from a fragment.
Compared to BSA, lysozyme is a more stable protein.[149,

150]

Calvaresi et al. used

computer simulation to calculate the adsorption sites for LYZ onto CNTs. Amino acid
residues Y20-Y23 and W111-R114 were determined to act like tweezers to clamp the
CNTs.[151] Most researchers mainly focused on the interaction between proteins and
different types of graphitized CNTs, such as single walled CNTs, multi walled CNTs,[152]
and CNTs with different diameters.[153] Reports on the adsorption mechanisms of BSA
and LYZ onto functionalized CNTs are rare. The possible secondary structure change of
the proteins caused by the functional groups of CNTs remains unclear.

2.2 Adsorption Isotherm and Models
Numerous studies have proved that the adsorption characteristics of proteins are strongly
influenced by the protein surface charge, size, and surface structure flexibility (hard or
soft). The three types of adsorption isotherms based on protein type and pH are: 1.
irreversible adsorption such as chemical adsorption; 2. Langmuir-type reversible
adsorption, such as hydrophobic interactions; and 3. reversible and irreversible adsorption.
Various pH ranges of 18 different protein solutions were tested to fit the adsorption curve.
The first type is a rectangular-type isotherm (q=qmI). This type of isotherm shows that the
amount of protein adsorbed onto the particles was nearly constant over the whole range
of protein concentration, which may indicate a strong interaction on the surface. Because
chemical bonds did not form between the protein molecules and the surface, they
regarded this type of irreversible adsorption as pseudo-irreversible adsorption. Along the
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same line, titanium was covered by proteins and analyzed, however the IR spectrometer
could only detect the surface bonds of hybrids. Therefore, the results may not be accurate.
The second type of isotherm was the regular Langmuir-type (q=qmIIKC/(1+KC)). The
shape of the third type was similar to the Langmuir isotherm (q=qmI + qmIIKC/(1+KC)),
however, an apparent intercept on the vertical axis was added to the third isotherm model.
This type of isotherm is common for the adsorption of oligopeptides and carboxylic acids
containing carboxyl groups. In this study KNO3 was used as a buffer to control the pH<7,
KNO3 may provide ionic strength support but it cannot maintain the pH. The drifting pH
has the potential to change the structure of protein during adsorption, and these changes
are irreversible.
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CHAPTER 3
HYPOTHESIS AND EXPECTED RESULTS
Project 1. We hypothesize that the adsorption mechanisms of the two proteins (BSA and
LYZ) onto the three types of CNTs are different due to the functional groups on the
surface of the CNTs. The driving force aiding in the adsorption of proteins onto the three
kinds of CNTs is still hydrophobic interactions. However, additional reactions could
happen on the surface of the functionalized CNTs during the adsorption process such as
hydrogen bonding, electrostatic interactions and amide bonding. We also expect that
different functional groups can interact with different residues from the proteins and lead
to various secondary structural changes of the proteins. As we know, hydroxyl and
carboxyl groups on the surface of CNTs are hydrophilic. Therefore, the dispersion of
CNTs with functional groups should be much better than that of graphitized CNTs in the
phosphate buffer. However, when the proteins are added to the solution, we expect the
dispersion of the graphitized CNTs will be promoted because the hydrophobic pocket
will be buried on the surface of the CNTs thereby exposing the hydrophilic surface of the
protein to the solution. However, the functionalized CNTs may have a lower amount of
dispersion in the phosphate buffer due to the reaction of functional groups with the
hydrophilic surface of the proteins, thus, the hydrophobic surface will be exposed to
aqueous phase. In addition, the positive surface charged LYZ protein might present a
different adsorption mechanism. In this study, we aimed to study the adsorption of BSA
and LYZ onto functionalized CNTs in phosphate buffer. The dispersion of functionalized
CNTs by these two proteins was also investigated. The secondary structural changes of
BSA and LYZ on the CNT surface and the effects of functional groups on the CNTs were
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further analyzed. Our research will be useful for better understanding the mechanisms of
protein adsorption onto functionalized CNTs and will provide useful information for
biomedical applications of functionalized CNTs.
Project 2. We hypothesize that the adsorption of the proteins (BSA and LYZ) onto the
three types of Gr are controlled by surface chemistry and ionic strength. The surface
heterogeneity of Gr may induce the different binding mechanisms. The adsorption
capacity of LYZ onto the three types of graphene should be higher than those of BSA,
mainly due to the electrostatic interactions and the smaller size of LYZ. However, with
an increasing concentration of sodium phosphate in the solution, the adsorption
maximum of LYZ on Gr may decrease because the negative phosphate ions might
neutralize the positive surface of LYZ and reduce the electrostatic interaction between the
LYZ and Gr. In addition, the free sodium ions could also reduce the electronic repulsion
between two Gr layers, which may also reduce the effective sites for protein adsorption.
However, for BSA protein, we expect that the adsorption maximum could increase with
the increasing concentration of sodium phosphate due to the free sodium ions neutralizing
the negative surface of BSA and reducing the electrostatic repulsion between BSA and
graphene, which could make the protein adsorb more tightly on the surface of the Gr.
Additionally, the adsorption of phosphate ions on the Gr surface may also provide
additional sites for BSA adsorption. The dispersion of proteins and Gr hybrids is also
controlled by the surface chemistry of both proteins, Gr and the ionic strength of the
solution. We expect that the BSA will disperse the graphene at low concentration of
sodium phosphate and start to aggregate when the concentration of sodium phosphate
goes too high. On the other hand, the LYZ-graphene complex will aggregate together,
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and with the increasing concentration of sodium phosphate, the aggregation will be sped
up. In this project, we also compared the adsorption capacity of both BSA and LYZ onto
graphene and carbon nanotubes. We expected that the adsorption capacity would be
higher for LYZ on carbon nanotubes than those on Gr, due to multi-layer adsorption
mechanisms.
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CHAPTER 4
MATERIALS AND METHODS
4.1 Materials
Three types of CNTs, including hydroxylate CNTs (HM), carboxylate CNTs (CM) and
graphitized CNTs (GM) were used as adsorbents in this experiment. All the CNTs were
purchased from Chengdu Organic Chemicals Co. Ltd., Chinese Academy of Sciences.
Characterizations of these three CNTs, including elemental analysis, XPS and surface
area, are listed in Table 2. Over 90% C was detected by Elemental Analysis and XPS. In
addition both H and O of HM and CM showed much higher than those of GM, indicating
the functional groups on the surface of functionalized CNTs.
Table 2. Selected properties of three types of CNTs.
Properties

HM

CM

GM

Gr

PGO

FGO

Elemental

C

94

97

98

85.9

41.6

41.5

Analysis

N

0.2

0.2

0.2

0.2

0.15

0.2

(total, %)

H

2.7

2.7

1.5

2.5

1.3

0.9

O

2.9

0.5

<0.1

9.4

49.7

50.3

XPS

C

95.9

95.8 99.3

--

--

---

(surface, %)

O

4.1

4.2

0.7

--

--

--

N

0

0

0

--

--

--

228

164

117

131.6 99.3

2

Surface area (m /g)
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539

Unmodified graphene (Gr), powdered graphene oxide (PGO) and graphene oxide flakes
(FGO) were used in the graphene adsorption experiment. Graphene Nanopowders were
brought from Graphene Supermarket in NY, USA.
Graphene oxide (GO) were first prepared by an improved synthesis method [154]. Briefly,
0.75 g of graphite was added into a mixture of concentrated H2SO4/H3PO4 (90:10 mL,
Fisher Scientific, USA) in an ice-bath. A portion of KMnO4 (4.5 g, Fisher Scientific,
USA) was slowly added to avoid overheating while agitating. Then the reaction system
was transferred to a 50 °C air bath and stirred for 24 h. After that, the reaction product
was poured into 100 ml water-ice mixtures with 2 mL H2O2 (30%, Fisher Scientific,
USA). The mixture was cooled and centrifuged by a Sorvall super T21 benchtop
centrifuge (Thermo Fisher Scientific, USA) at 13500 rpm for 30 min and the supernatant
should be removed. Then the sediment was washed with HCl (10%, Fisher Scientific,
USA) to eliminate metal ions followed by washing with copious amount of deionized
water to remove the acid. The obtained brown solid was freeze-dried for 48 h under
vacuum to get graphene oxide. Surface area, XPS and elemental analysis of each
graphene are shown in Figure 9, Table 2 and Table 3. Higher oxygen element was shown
in PGO (49.7%) and FGO (50.%) than Gr (9.4%) from surface analysis results. In
addition, C-O bonds and Carbonyl C of PGO (60.6%) and FGO (49.2%) were also much
higher than those of Gr (17.5%) and Non-Oxygenated ring C of PGO (43.8%) and FGO
(45.2%) showed less than this of Gr. However, the impurity (inorganic C) was also
observed in Gr (8.8%) but not in PGO and FGO. This result improved that our GO had
obviously higher content of oxygen on the surface than Gr.
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Table 3 XPS analysis for Gr, PGO and FGO
Graphene

Inorganic carbon

Non-Oxygenated

C-O bonds

Carbonyl C

C(O)OH

ring C

Gr

8.8%

67.1%

17.5%

2.1%

4.5%

PGO

-------

43.8%

60.6%

5.6%

------

FGO

-------

45.2%

49.2%

6.6%

------
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Non-oxygenated
ring C

A

C-O

275

280

C(O)OH

C=O

Inorganic C

285

290

295

300

Binding energy (eV)

B

280

295

290

285

Binding energy (eV)

280

285

290

Binding energy (eV)
36

295

C

Figure 9 XPS spectra sub-peak analysis for (A) Gr, (B) PGO, (C) FGO. The sub-peaks of
non-oxygenated ring C, C-O, C=O, and C(O)OH was located at approximately 284 eV,
286 eV, 288 eV and 290 eV, respectively.
Both lyophilized BSA and LYZ were obtained from Sigma (USA) and were dissolved in
a 0.025 mol/L, 0.05 mol/L and 0.1 mol/L phosphate buffer. The solution was kept in a 4
o

C refrigerator for further use. All the hydrophobic amino acids from the bovine serum

albumin and lysozyme are shown in Table 4 and the main characteristics of the two
proteins are listed in table 5.
Table 4 The number of hydrophobic amino acids in each protein molecule and the
number of hydrophobic amino acids with a benzene ring facing to surface
BSA

LYZ

Alanine A

46

12

Valine V

36

6

Phenylalanine F

27

3

Proline P

28

2

The No. of

Leucine L

61

8

hydrophobic amino

Isoleucine I

14

6

acids in the protein

Lysine K

59

6

molecule

Tyrosine Y

20

3

Methionine M

4

2

Tryptophan W

2

6

Total

297

54

37

Phenylalanine F

1

3

No. of hydrophobic Tyrosine Y

9

3

amino acids on the Tryptophan W

10

5

surface

11

11

of

the Total

protein

Table 5 The characteristics of BSA and LYZ.[155]
BSA

LYZ

Source

Bovine serum

Chicken egg white

Molecular weight, kDa

68.0

14.3

Isoelectric point

4.7

11.35

Total amino acid residues

580

129

Binding domain

3

2

Structure

soft

firm

Total hydrophobic residues

252

55

Total hydrophobic residues on 54

36

surface
Three dimension size Å

95*50*50

42*30*30

Two solutions were made, 27.6 g NaH2PO4 and 28.4 g Na2HPO4 and each dissolved in 1
L deionized water to make the concentration at 0.2 M. 390mL of the NaH2PO4 (0.2mol/L)
solution was mixed with 610mL of the Na2HPO4 (0.2mol/L) solution to make a 1 L
solution, and then 3 L of deionized water was added to dilute the concentrated phosphate
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solution to 0.05 mol/L. Finally, 4 L each of 0.025 mol/L, 0.05mol/L and 0.1 mol/L
phosphate buffer was saved in 5 L glass bottles for storage and used for all the
experiments

4.2 Methods
4.2.1 Protein Concentration Determination
Coomassie Brilliant Blue G-250 protein reagent dye obtained from Bio-Rad (CA, USA)
was used to determine the concentration of the two proteins. Based on the method of
Bradford, the maximum absorbance peak was shown at 595 nm in the UV spectrum. The
linear range of the protein standard curve was from 10 mg/L to 50 mg/L due to the
properties of the dye reagent and the limitation of the UV spectrometer. All the protein
samples above 50 mg/L were diluted until the concentration of the protein was back in
the range of the linear standard curve. 2 ml of the protein solution was added into 9 ml
glass tubes to which 0.5 ml of the protein dye was then added and the mixture was
allowed to incubate for 20 min. The 20 min incubation time was a strict requirement in
this experiment because the maximum value at 595 nm increased as incubation time
increased.

The final concentration of the protein solution was normally assayed in

triplicate.
4.2.2 Solid to Liquid Ratio Assay and Kinetics Study
A preliminary study focused on the ratio of solid to solution and equilibrium time.
Project 1. First, 40-ml glass vials were used with nine different concentrations of the two
proteins (50, 100, 400, 600, 1000 mg/L for BSA and 3000, 5000, 8000 and 13000 mg/L
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for LYZ). Then the CNTs (carboxyl-, hydroxy-, and unmodified) were weighed (1, 10, 20,
40, and 80 mg) and mixed with the different protein respectively.
Project 2. In the Gr adsorption experiment, 8-ml glass vials were used with nine different
concentrations of the two proteins (50, 100, 400, 600 and 1000 mg/L for BSA and 3000,
5000, 7000,10000 and 13000 mg/L for LYZ). Graphene (Gr, PGO and FGO) was
weighed (0.5 mg, 1 mg, 3 mg, 5 mg) and mixed with the different proteins and graphene,
respectively.
Third, the samples were shaken for 4 days at 150 rpm to react sufficiently and then were
centrifuged for 30 min at 3000 rpm. Finally, the supernatant was extracted to determine
the concentration of each protein remaining in solution and the best solid to liquid ratio
(giving a sorption rate between 20-80%) was selected.
After determining the best ratio of solid to liquid, kinetics for the adsorption of each
protein onto carbonaceous nanomaterials was determined. Kinetics was used to examine
the rate or speed of the protein adsorption onto CNTs and Gr, allowing the equilibrium
time to be determined. A fixed specific ratio of solid to solution was used and the
concentration of protein in the supernatant was determined after a specific incubation
time (30 min, 1 hour, 5 hours, 10 hours, 24 hours, 36 hours, 48 hours, 60 hours, 72 hours
and 96 hours respectively). The initial equilibrium time was recorded and used
throughout the entire experiment.
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4.3.3 Adsorption Isotherms Assay
All adsorption isotherms were obtained by batch equilibration experiments at 25 ± 1 °C.
[156]

The adsorption experiments were conducted with twenty four concentration points

run in duplicate including a blank sample.
Project 1. For BSA adsorption, 20 ± 0.5 mg of CNTs (HM, CM or GM) were added into
a 40 mL vial. Then, 40 mL of the BSA solution with a concentration range from 0 to
600 mg/L were added. For the LYZ adsorption experiments, the weight of CNTs and the
LYZ (0-13000 mg/L) solution volume were added to the vials are 3.0 ± 0.2 mg and 40 ±
0.3 mL, respectively.
Project 2. For both BSA and LYZ adsorption, 3 ± 0.1mg Gr, 1 ± 0.1 mg FGO and 5 ±
0.1 mg PGO were added into 8 mL vials, respectively. Then, 8 mL of BSA solution
ranging from 0-600 mg/L was added. However, the LYZ solution concentration that was
added to the 8 mL vials ranged from 0 – 18000 mg/L.
All vials were shaken at 150 rpm for 72 h to reach adsorption equilibrium. Then, all the
vials were centrifuged at 3000 rpm for 25 min. The protein concentration in the
supernatant was diluted to be within the range of the calibration curve and then
determined by the Bradford method at 595 nm using a UV spectrometer.[157]
4.3.4 Data Fitting
Two types of Langmuir models were used to fit the adsorption isotherms of proteins onto
CNTs and graphene. Type I is the reversible Langmuir-type isotherm model[158,

159]

,

which found to apply to BSA adsorption onto Titanium surface at pH 8.0 and 9.0.[160]
Type II was irreversible adsorption plus reversible Langmuir-types adsorption, which
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was observed for the adsorption of carboxylic acids containing multiple carboxyl groups
on stainless steel and the adsorption of α-lactalbumin at pH=4.5 and β-casein at pH=6.0
on Titanium with a higher sorption affinity.[161-164] Type II showed an intercept Q1 on the
y-axis, which was considered as the adsorption maximum contributed by chemical
bonding.[162] The model equations of Type I and Type II are as follows:
S= (C0-Ce)*V/M
S (mg/g): the amount of protein (mg) adsorbed on CNTs/graphene
C0 (mg/L): the original protein concentration
Ce (mg/L): the concentration of solution protein after 3 days adsorption
M (mg): mass of CNTs/graphene (mg)
Then, the protein concentration of solid phase and the relative solution phase could be
used to plot the Langmuir isotherm (formula 2)

Qe=

Q0bCe
1+bCe

Q0 (mg/g): the maximum adsorption capacity by physical bonding
Qe (mg/g): equilibrium concentration adsorbed on CNTs
Ce (mg/L): equilibrium protein concentration in solution
b (L/mg): adsorption coefficient

Qe=

Q0bCe
1+bCe

+ Q1
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Q1 (mg/g): adsorption maximum by chemical bonding

The Freundlich adsorption isotherm was also applied to the protein adsorption onto
graphene project. Formula III shows the Freundlich equation:
Qe=Kf*Cen
Kf: adsorption affinity coefficient
n: Freundlich exponential coefficient

In order to study the adsorption of protein molecules on the surface of the three CNTs,
the theoretical maximum and minimum adsorption capacities were calculated based on
the molecular volumes of both proteins (Figure 12) and surface areas of the three CNTs
and graphene (Table 2).
4.3.5 Turbidity and Surface Charge of the Three CNTs and Three Types of
Graphene in the Presence of BSA and LYZ
In the CNT-protein solutions, the protein (BSA or LYZ) concentrations ranged from 0 to
13000 mg/L, with a fixed CNT concentration at 500 mg/L in 40-mL vials. In the
Graphene-protein solutions, the protein (BSA or LYZ) concentration ranged from 1 to
18000 mg/L with the amount of graphene at 1 mg in the solution. The vials were shaken
at 150 rpm for 72 hours, and then all the samples were allowed to stand for 24 hours.
Then, the supernatants were measured at 800 nm by UV-vis spectrometer. Surface
charges of CNT-protein and graphene-protein hybrids in the vials were also determined
by a ZetaPlus zeta potential analyzer (Brookhaven Instruments Co.), and the data were
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obtained by averaging the results from six measurements. All samples were run in
duplicate for both turbidity and surface charge measurements.
In order to study the dynamic aggregation process of graphene with protein affected by
the ionic strength, Gr, FGO and PGO with two proteins in varying concentration of
phosphate (0-100 mg/L) were measured by particle size analyzer right after they were
mixed. All the samples were measured every 15 seconds over a period of 15 mins.
4.3.6 Critical Micelle Concentration (CMC) Determination
Drop shape analyzer (DSA100, Kruss) was used to determine the interfacial tension
between BSA solution and corn oil. The concentration of BSA ranged from 0 to 13000
mg/L. The data was automatically recorded every 3 seconds and the final data were the
average number of records in 15 min. LYZ was not included in this part because no
obviously dispersion of CNTs was observed in the Turbidity study. The critical micelle
concentration (CMC) of BSA was obtained based on the aggregation of BSA molecules
at high concentrations and calculated according to the critical change of interfacial
tension.[165]
4.3.7 Secondary Structure Changes of Protein after Adsorption on CNTs as
Determined by FTIR and CD Spectrometers
A PerkinElmer Spectrum One Fourier Transform Infrared (FTIR) spectrometer, equipped
with a lithium tantalite detector and one-reflection horizontal attenuated total reflectance
(ATR) accessory with a diamond/ZnSe internal reflection element crystal was used to
collect all ATR-FTIR spectra. The concentrations of CNTs (HM, CM or GM) and BSA
were 500 mg/L and 600 mg/L, respectively, and the concentrations of graphene (Gr, FGO,
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PGO) were 375 mg/L, 125 mg/L and 625 mg/L respectively. To start, for BSA on
functionalized CNTs study, 40 mL of 600 mg/L BSA were added into vials mixing with
20 mg CNTs (HM, CM or GM), while for LYZ functionalized CNTs study, 13000 mg/L
LYZ and 3.0 mg CNTs were added. In the second part, for BSA on GO study, 8 mL of
600 mg/L BSA was added into vial which already had 3mg Gr, 5 mg PGO or 1 mg FGO
while for LYZ on GO study, 13000 mg/L LYZ was added in same amount of graphene as
BSA part. The samples were shaken at 150 rpm for 72 hours and then left undisturbed for
24 hours. After 30 minutes and 3000 rpm centrifugation, the supernatant of the mixture
samples was dropped on the crystal plate. The samples were analyzed after complete
drying. All spectra were obtained by collecting at least 200 scans with a spectral
resolution of 4 cm-1 and a scan speed of 0.5 cm/s and subtracting with the blank (each
type of CNTs in phosphate buffer in the absence of protein). The baselines of all the
spectra were corrected automatically using PerkinElmer spectrum software, and the rootmean square noise of all the spectra were calculated. Nine major peaks were determined
by second derivative in the spectrum ranging 1600-1700 cm-1 for the analysis of protein
secondary structure.[166] Finally OriginPro 9.0 software was used to analyze the amide I
multi-peak fitting process and the peak area was calculated based on Gaussian function.
Circular Dichroism (CD) spectrometer (Jasco 815) was measured over the range of 190240 nm by 0.2 nm intervals in a 0.1 cm path length cell. The scan rate was 100 nm/min,
and each spectrum was scaned on the average of 20 scans. [133]
4.3.8 Transmission Electron Microscopy Imaging
Transmission electron microscopy (TEM) was used to observe the morphologies of the
three CNTs, three graphene, CNT-protein and graphene-protein, respectively. All the
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samples were dropped on 400 square mesh copper grids and dried for three days in the air.
Then, the samples were observed using TEM (JEOL 100CX). To prepare the CNTprotein and graphene-protein samples, CNTs and graphene were first sonicated in
phosphate buffer for half an hour at 60 Hz and then incubated with proteins at room
temperature for three days.
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CHAPTER 5
RESULTS AND DISCUSSION
5.1 Adsorption of BSA and LYZ on Functionalized CNTs and Factor
Regulated
Adsorption isotherms of BSA by functionalized CNTs and their fitting results by two
types of isotherm models are shown in Figure 10 and Table 6, respectively. For BSA
adsorption on all the three CNTs, Type II formula (RHM2=0.995, RCM2=0.985 and
RGM2=0.993) fit better than Type I (RHM2=0.925, RCM2=0.878 and RGM2=0.984).
Therefore, the fitting results from Type II were used to obtain the adsorption maxima of
BSA on the three CNTs. The adsorption capacity of BSA followed an order: HM > CM >
GM, which was the same as the surface area order of the three CNTs. However, after
surface area normalization, the adsorption capacity order was as follows: HM > GM >
CM. The different order of adsorption maxima and surface area-normalized capacity
indicated that the functional groups on CNTs may also affect BSA adsorption besides
surface area. This result was consistent with the result from our previous study, in which
adsorption capacity of bulk and nano oxide particles for BSA was controlled by the
surface area and functional group of the particles.[158] Hydrogen bonds may be formed
between functional groups of CNTs and BSA, and this was supported by the good fitting
of isotherms by Type II Langmuir model (Table 6). For BSA adsorption on CM, the
percentage of hydrogen adsorption (Q1/(Q0+Q1)%, 40.28%) was much higher than those
of the other two CNTs (21.93% for HM and 12.84% for GM), indicating the stronger
hydrogen bonding between carboxyl groups on CNTs and amine groups of BSA.[160, 167,
168]

However, for BSA sorption on HM, the hydroxyl groups can only generate ester
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bonds with hydrogen groups from BSA in acidic condition. The oxygen content of GM
was much lower than HM and GM according to the data of both elemental analysis and
X-Ray Photoelectron Spectroscopy (XPS) (Table 2). Thus, BSA on GM had the weakest
covalent bonding and lowest percentage of chemical adsorption.
For LYZ adsorption, the fitting results from both Type I (RHM2=0.992, RCM2=0.995 and
RGM2=0.995) and Type II (RHM2=0.993, RCM2=0.996 and RGM2 0.996) were similar,
indicating that the covalent bonding was not the main factor affecting LYZ adsorption.
Covalent bonding was possible between CM and other amino acids with amine groups.
However, the covalent bonding was undetectable and totally buried into the interface
between CM and LYZ, due to the multi-layer adsorption, which will be discussed later in
this paper. In contrast, hydrophobic interactions, π-π interaction, hydrogen bonding and
electrostatic interactions are probably responsible for the adsorption of LYZ on CNTs. [132,
134, 151, 169]

As shown in Table 6, the order of maximum adsorption capacities (Q0+Q1) of

LYZ was as follows: HM > CM > GM, which is also positive related to surface area of
three CNTs. However, the surface area-normalized adsorption capacity was in an order of
GM > CM > HM, which is positively related to the hydrophobicity of three CNTs,
resulted from the oxygen content of each CNTs (Table 2). That suggested the
hydrophobic and π-π interaction could be one of the dominant driving forces for LYZ
sorption on the three CNTs. It should be noted that maximum adsorption capacity of LYZ
was 280 times higher than those of BSA on each type of CNTs, indicating that LYZ on
CNTs surface may be not mono-layered. The theoretical maximum and minimum
saturated adsorption of each protein on the three CNTs based on mono-layer adsorption
were calculated and listed in Table 6. We assumed that the arrangement of protein
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molecules was based on the three dimensions of the proteins, and the schematic diagram
is shown in Figure 12. The experimental adsorption capacity of BSA (Q0+Q1) for each
type of CNTs was less than its theoretical minimum adsorption capacity, suggesting
mono-layer adsorption of BSA on CNTs. The lower values of experimental adsorption
capacities may be due to the electrostatic repulsion between BSA molecules (-16 mV)
and CNTs (-8, -22 and -20 mV for GM, CM and HM, respectively) in phosphate buffer
(pH=7). However, the experimental adsorption capacities for LYZ on the three CNTs
were much higher than the theoretical maximum adsorption capacities. Although the
adsorption isotherms of LYZ were well fit by the Langmuir model, which is based on the
monolayer adsorption, multilayer adsorption may actually occur judging from the
extremely high experimental adsorption capacities. We further observed the
morphologies of CNTs in the presence of proteins (Figure 11). A LYZ “corona” was
clearly shown on the surface of GM (Figure 11D), CM (Figure 11E) and HM (Figure
11F), while no “corona” was observed on CNTs in the presence of BSA (Figure 11A,
11B and 11C). Therefore, multi-layer adsorption of LYZ may occur on the three CNTs,
as “corona”.[170-173] Our results are highly consistent with Kim et al. who demonstrated
that BSA exhibited monolayer adsorption and LYZ multilayer adsorption on polystyrene
and silica by Infrared-visible sum frequency generation (SFG) vibrational spectroscopy.
[44]

In fact, for LYZ, the two possible hydrophobic sites located on the two sides of LYZ

proteins were reported as the potential adsorption sites by molecular dynamics
simulations.[151] One site is located at the hydrophobic core in α domain and the other site
is located at groove between α and β domain. There are also some hydrophobic clusters
on the surface of the β domain. No matter which site interacts with CNTs, the remaining
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one would potentially stack with other LYZ molecules at a high concentration of LYZ. In
this case, LYZ could be partially unfolded in the presence of CNTs, and this unfolding
causes the protein molecules to aggregate with themselves and coat on the surface of
CNTs. In addition, hydrogen binding only occurred on the first adsorption layer,
therefore, multi-layer adsorption and high adsorption capacity of LYZ could also be the
reasons for the insignificant chemical adsorption of LYZ on CNTs.

A

B
60000
Qe (mg/g)

Qe (mg/g)

300
250
200

50000
40000
30000

150

BSA-HM

100

BSA-CM

50

BSA-GM

LYZ-HM

20000
LYZ-CM

10000
LYZ-GM

0
0

0
0

200

400

5000

10000

15000

600
Ce (mg/L)

Ce (mg/L)

Figure 10 Adsorption isotherms of BSA and LYZ on the three CNTs. (A) for BSA
adsorption isotherms, the protein concentration was in the range of 0-600 mg/L and three
types of CNTs concentration were 500 mg/L; (B) for LYZ adsorption isotherms, the
protein concentration was in the rage of 0-13000 mg/L and three types of CNTs
concentration were 75 mg/L.
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Figure 11 TEM images of BSA and LYZ on GM. (A) BSA adsorption on GM; (B) BSA
adsorption on HM; (C) BSA adsorption on CM; (D) LYZ adsorption on GM; (E) LYZ
adsorption on HM; (F) LYZ adsorption on FM; TEM image in panel D,F and F clearly
showed the adsorption corona (blue arrow).
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Mode I

Mode II

BSA

LYZ

CNT

Figure 12 Models of protein arrangement on the three CNTs. Mode I is the minimum
theoretical adsorption interface between BSA and CNTs; Mode II is the maximum
theoretical adsorption capacity between LYZ and CNTs based on the three dimensions of
the protein
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1
2

Table 6 Fitting results to adsorption isotherms of BSA and LYZ on the three CNTs
Type

BSA

HM

CM

GM

HM
LYZ
CM

GM

Model

R2

Q0

Q1

(Q0+Q1)

Q1/(Q0+Q1)×100

(Q0+Q1) /Asurf

Model Ib

Model IIc

(mg/g)

(mg/g)

(mg/g)

(%)

2
(mg/m )

(mg/g)

(mg/g)

Langmuir

0.925

238.2 ± 11.99

-----

238.2 ± 11.99

-----

1.045

-----

-----

Langmuir+ Q1

0.995

207.8 ± 5.317

58.37 ± 4.373

266.2 ± 9.690

21.93

1.168

541.8

1029

Langmuir

0.878

134.2 ± 4.901

-----

134.2 ± 4.901

-----

0.818

-----

-----

Langmuir+ Q1

0.985

91.51 ± 4.062

61.71 ± 3.977

153.2 ± 8.039

40.28

0.934

389.7

740.5

Langmuir

0.984

130.2 ± 1.047

-----

130.2 ± 1.047

-----

1.113

-----

-----

Langmuir+ Q1

0.993

115.2 ± 4.082

16.97 ± 4.638

132.2 ± 8.720

12.84

1.130

278.0

528.3

Langmuir

0.992

90700 ± 6100

-----

90700 ± 6100

-----

397.8

429.5

601.4

Langmuir+ Q1

0.993

88130 ± 5895.

0a

88130 ± 5895.

-----

386.5

-----

-----

Langmuir

0.995

84670 ± 4602

-----

84670 ± 4602

-----

516.3

309.0

432.6

Langmuir+ Q1

0.996

82090 ± 4346

0a

82090 ± 4346

-----

500.5

-----

-----

Langmuir

0.995

81780 ± 4303

-----

81780 ± 4303

-----

699.0

220.4

308.6

Langmuir+ Q1

0.996

79290 ± 3776

0a

79290 ± 3776

-----

677.7

-----

-----

3

a: the fitting value is approximately 0;

4

b: the minimum saturated adsorption on the three CNTs;

5

c: the maximum saturated adsorption on the three CNTs

6
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5.2 Dispersion of the three CNTs in the presence of BSA and LYZ
In the presence of LYZ, no obvious dispersion was observed for all the three CNTs
(Figure 16D), which may be due to the highly hydrophobic surface of LYZ,[174]
suggesting that LYZ was not hydrophilic enough to disperse the CNTs. This result is
opposite to a previous study showing that LYZ could improve the dispersion of singlewall CNTs.[148] This obvious dispersion performance is due to the assistance of sonication,
which could damage the structure of LYZ molecules. However, the dispersion of CNTs
in the presence of BSA was obviously higher than those in the presence of LYZ. The
dispersion of GM dramatically increased with increasing BSA concentration and reached
the highest dispersion level at a BSA concentration of around 700 mg/L. The same trend
was shown for CM and HM, but the highest dispersion was observed when the
concentration of BSA was around 1000 mg/L (Figure 16D). The BSA molecule contains
both hydrophobic and hydrophilic residues on the surface (Table 3). After adsorption on
CNTs, the hydrophobic residues of BSA molecules would interact with the CNTs surface,
and expose the hydrophilic residues outside to water (Figure 13A). Therefore, the steric
repulsive force could prevent the aggregation of CNTs.[147] In addition, the zeta potential
values of BSA-adsorbed CNTs were in the range of -10 and -20 mV for all CNTs (Figure
14) and electrostatic repulsion could be another driving force for the dispersion of CNTs.
The dispersion of CNTs in the presence of BSA was further observed using TEM (Figure
11B, 11C and Figure 16A, 16B, 16C). The aggregation of CNTs was clearly observed in
the absence of BSA (Figure 16A). However, individual CNTs were observed for all the
three CNTs (Figure 16C, 11B and 11C), and the edge of these individual CNTs was
unclear due to BSA coating. In addition, when the BSA concentration was higher than
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1000 mg/L, a slight decrease of CNT dispersion was observed (Figure 16D). Water-oil
interfacial tensions were measured as a function of BSA concentrations (Figure 15). A
critical interfacial tension change was observed when BSA concentration was around
950-1050 mg/L, indicating the occurrence of BSA aggregation. Our previous study also
observed that BSA molecules could form ring-like aggregate due to hydrophobic
interaction using an atomic force microscope.[175] The formation of aggregates may
decrease the dispersion performance of BSA, thereby leading to the above slight
dispersion decrease.
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Figure 13 Schematic diagram for dispersion of CNTs in the presence of BSA. The red
area represents hydrophilic surface and black area as hydrophobic pocket. (A) Dispersion
arrangement of GM in the presence of BSA; (B) Dispersion arrangement of HM in the
presence of BSA.
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Figure 14 Surface charge of the three CNTs in the presence of BSA or LYZ. The zeta
potentials of individual GM, CM and HM in the phosphate buffer were approximately -8,
-22, and -20 mV, respectively. The zeta potentials of BSA and LYZ in the phosphate
buffer were -16 and +5 Mv, respectively.
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Figure 15 CMC of BSA protein obtained by determining liquid-liquid interface tension.
CMC of BSA is approximately ranging from 950-1050 mg/L in phosphate solution.

Interestingly, the overall dispersion of the three CNTs in the presence of BSA followed
the order of GM > CM > HM, which has no correlation with the maximum adsorption
capacity or surface area-normalized adsorption capacity (Table 6) of the three CNTs,
indicating that the dispersion was not a dominant factor that affects the adsorption
capacity. CM and HM had higher amount of functional groups than GM as indicated by
the oxygen percentages (Table 1). The functional groups of CM and HM may interact
with the hydrophilic surface of BSA via hydrogen bonding, thus exposing the
hydrophobic core to the surface. This interaction could lower the hydrophilic property of
functionalized CNTs and BSA hybrids,[131] and may be responsible for the observed
lower dispersibility of functionalized CNTs in the presence of BSA compared to GM.
Moreover, the best dispersion of all the three CNTs was reached at a BSA concentration
of around 1000 mg/L. Then the dispersions decreased with increasing BSA
concentrations from 1000 to 13000 mg/L, and the decreasing percentages for GM, CM
and HM were calculated as 19%, 15% and 13%, respectively. The deceasing percentage
of functionalized CNTs (CM and HM) in the presence of BSA was less than that of GM,
probably because of the functional group-induced arrangement of BSA molecules on
CNT surface (Figure 13). For GM, the hydrophobic residues/core of BSA would be
adsorbed on the GM surface while leaving the hydrophilic residues exposed in aqueous
solution. For HM and CM, the surface functionality of the two CNTs reduced the
hydrophilic residue number of BSA at the exposed aqueous interface. Therefore, the
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surface of functionalized CNTs and BSA hybrids could be more hydrophobic, and tended
to aggregate together with increasing BSA concentrations.
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Figure 16 TEM images of GM dispersed by BSA and dispersion of three CNTs in the
presence of BSA or LYZ. (A) GM in the phosphate buffer; (B) BSA in phosphate buffer;
(C) GM in the presence of BSA; (D) Dispersion of three CNTs in the presence of BSA or
LYZ. In panel D, concentrations of CNTs and proteins in the solutions were 500 and 013000 mg/L, respectively.
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5.3 ATR-IR spectra of proteins after sorption on the three CNTs
ATR-IR spectra of free proteins and proteins bound on the three CNTs are presented in
Figure 17. The spectra of bound proteins were obtained by subtracting the IR spectra of
pure CNTs from those of protein-CNTs hybrids. The sharp peak at 3312 cm-1, assigned as
N-H stretching (mainly from –NH2), was shown in the spectra of all BSA samples except
for that adsorbed on CM (Figure 17A), suggesting the formation of hydrogen bonds
between -NH2 on BSA molecules and –COOH on CM. For LYZ, the sharp peak at 3312
cm-1 was observed in all samples including the one bound on CM. This is probably
because of multi-layer adsorption of LYZ on CM, and the percentage of -NH2 groups that
participated in the reaction was much lower than BSA.
The peaks at 1656 cm-1 and 1542 cm-1 were identified as amide I (C=O stretching
vibration) and amide II (mainly N-H bending vibration, coupled to C=O and C=C
stretching), respectively.[132, 158] These two peaks are widely used to study the secondary
structure of proteins. Other major peaks can be assigned in the regions: 2871 cm-1 (CH2
stretching), 2369 cm-1 (P-H phosphine), 1287 cm-1 (C-O stretching from COOH), 1130
cm-1 (aliphatic C-N) and 1603 cm-1 (C-N stretching).[158] Ratio of amide I and II indicated
the structural stability of proteins, and the ratios of proteins before and after adsorption
are shown in Table 7. For BSA sorption on the three CNTs, the ratio order followed: HM >
CM > BSA > GM, suggesting that the functional groups of CNTs could directly interfere
with the N-H stretching by hydrogen bonding or interact with the side chain of the
backbone in order to increase the ratio of Amide I and II by decreasing the amide II bind
strength.[132] For LYZ samples, the ratios were closer to each other and the order followed:
LYZ> MG > MC > MH (Figure 17B). However, we cannot explain the observed ratio
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order currently. Multi-layer adsorption may be related to this order and further
investigation is required.
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Figure 17 IR spectra of BSA (A) and LYZ (B) adsorbed on the three CNTs. The
spectrum of each bound protein was obtained by subtracting the spectrum of the treated
CNTs in phosphate solution.
5.4 Secondary structural changes of BSA and LYZ after adsorption on the three
CNTs
The secondary structural changes of BSA and LYZ after adsorption on the three CNTs
were investigated using both FT-IR and CD spectroscopy. Secondary structures of BSA
and LYZ were quantitatively analyzed using an IR spectra multi-peak fitting program
(Figure 18). The peaks ranging from 1600 to 1700 cm-1 are β anti-parallel (1693 ± 2 cm-1
and 1689 cm-1), β turn (1682 ± 1 cm-1, 1670 ± 1 cm-1 and 1662 ± 1 cm-1), α helix (1654
cm-1), unordered (1645 cm-1), and β sheet (1637 ±1 cm-1, 1624 ± 62 cm-1 and 1615 ± 1
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cm-1), respectively (Figure 18), which are highly consistent with previous studies.[132, 167,
176, 177]

However, previous study demonstrated that IR spectra multi-peak fitting program

cannot completely separate the β-sheet and β-turn in the range of 1685-1633 cm-1 and
extended chains and β-sheet in the range of 1632-1621 cm-1.[132, 176] So in this section, we
are mainly discussing the percentage of α-helix structure change. The fitting result
showed that α-helical content of BSA decreased from 59.93% to 54.94%, 43.96% and
41.55% after adsorbed on HM, CM and GM, respectively. The damage of BSA
molecules indicated that CNTs could directly or indirectly interfere with the hydrogen
bond of N-H group with C=O group on α helix from the backbones and side chains in
order to make BSA protein more readily to adsorb on the surface of CNTs. Our result
agreed with a previous study showing that the loss of helical structure on a hydrophobic
surface was greater than those on a hydrophilic surface.[176] In addition, because of the
dynamic adsorption and desorption of BSA on CNTs, the BSA protein could refold after
desorption from CNTs.[153, 169] However for the CM, the formation of hydrogen bond
could prevent the BSA protein to refold, indicating the loss of α-helical structure on CM
(27%) is close to the loss on GM (30%). For LYZ, the α-helix decreased slightly from
8.81% to 7.77%, 8.12% and 7.85% after adsorbed on HM, CM and GM, indicating the
much more stable structure of LYZ than BSA. Previous study demonstrated that the
adsorption site of LYZ was the hydrophobic pocket that located downside of LYZ with
random structure and loops.[151, 178, 179] This adsorption process may also indicate slight
changes in the secondary structure of LYZ.
CD spectra of the free and bound proteins are shown in Figure 19. The α-helical
content of BSA decreased from 36.38% to 36.17%, 28.23% and 30.43% after adsorbed
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on HM, CM and GM, respectively, which are in agreement with the FTIR multi-peak
fitting results. The similar results showed that the α-helical content of BSA reduced from
32% to 16% on totally surface modified hydrophobic silica surface.[176] CD results also
showed a slight loss of α-helix on HM and greater loss on GM and CM. However, for
LYZ adsorption, the results suggested the slight loss of α-helical structure on the three
CNTs and a slight gain in β structure. The lower secondary changes of LYZ than BSA
may be due to the relative stable structure of LYZ as indicated by lower adiabatic
compressibility (Table 4).

LYZ

BSA

1600

1650

1700

1650

1700

1700

BSA-GM

1600

1650

1700

LYZ-CM

LYZ-HM

1600

1650

BSA-CM

BSA-HM

1600

1600

1650

1700

1600

1650

1700

LYZ-GM

1600

1650

63

1700

1600

1650

1700

Figure 18 The secondary derivative spectra of BSA and LYZ after adsorption on HM
(left), CM (middle) and GM (right). Original IR peak (red), α-helix (cyan), β-turn
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Figure 19 The CD spectra of BSA (A) and LYZ (B) adsorbed on the three CNTs and the
CNT blank (without proteins) (C) in phosphate buffer.
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Table 7 The ratio of amide I and amide II (AI/AII) and the percentage of secondary structure of BSA and LYZ in the presence or
absence of the three CNTs determined by ATR-IR multi-peak fitting program and CD spectrometer.
Samples

ATR-IR

ATR-IR Multi-peak fitting (%)

CD spectra (%)

AI/AII

β anti-parallel

β-turn

a-helix

unordered

β-sheet

a-helix

β-strand

unordered

BSA

1.465

0.36

11.78

59.93

6.77

21.15

36.38

9.68

53.94

BSA-HM

1.589

0.57

18.03

54.94

5.11

21.34

36.17

10.48

53.35

BSA-CM

1.579

0

19.56

11.81

24.67

28.23

22.38

40.39

BSA-GM

1.349

0.62

21.88

41.55

14.97

20.97

30.43

17.75

51.82

LYZ

1.481

2.00

41.60

8.81

17.70

29.89

6.36

44.99

48.65

LYZ-HM

1.389

1.85

41.35

7.77

18.81

30.22

4.23

46.99

48.78

LYZ-CM

1.455

2.14

44.49

8.12

16.57

28.68

4.23

46.29

49.48

LYZ-GM

1.461

2.12

43.94

7.85

16.67

29.42

4.21

48.81

46.98

43.96
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5.5 Conclusions for Project I
This study demonstrated the adsorption properties and mechanisms of BSA and
LYZ on functionalized CNTs. The maximum adsorption capacity followed the order of
LYZ-HM > LYZ-CM > LYZ-GM >> BSA-HM > BSA-CM > BSA-GM. However,
surface area-normalized adsorption capacities followed: LYZ-GM > LYZ-CM > LYZHM >> BSA-HM > BSA-GM > BSA-CM. The different orders of adsorption capacity
and surface area-normalized adsorption capacities attested that both surface area and
functional groups of CNTs affected the protein adsorption. BSA molecules on CNTs
followed a mono-layer adsorption manner while LYZ molecules could form multi-layer
on CNT surface, which lead to extremely high adsorption capacities (79,000-88,000 mg/g)
of the three CNTs for LYZ. Moreover, BSA molecules could disperse all the three CNTs
in phosphate buffer. However, LYZ molecules were unable to disperse CNTs. Finally,
the secondary structure of BSA and LYZ were changed upon adsorption on the three
CNTs according to both FTIR and CD results. GM induced greater structural change of
α-helix than did the other two functionalized CNTs, and the α helix of BSA was easier to
be diminished by CNTs than was that of LYZ. The information on interactions between
proteins and CNTs will be of importance in biomedical and chemical applications, and
will help to gain the knowledge of toxicity and risk assessment.
5.6 Adsorption of BSA and LYZ on Graphene Controlled by Ionic Strength and
Factor Regulated
The adsorption isotherms of LYZ and BSA on three types of graphene (Gr, FGO and
PGO) are shown in Figure 21 and Table 8. All the possible adsorption mechanisms of
protein on graphene are shown in Figure 24. In general, the Langmuir model was
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adaptable for all the isotherms (all R2s are over 0.9). However, Freundlich model was
also adaptable for both proteins adsorption on FGO, indicating that different adsorption
mechanisms may be occuring. In addition, for both BSA and LYZ adsorption on Gr,
FGO and PGO, the adsorption capacity is in the order of FGO > Gr > PGO in all three
levels of concentration of phosphate solution, which was consistent with the surface area
of these graphene materials.
The adsorption capacities of BSA increase from average 135.57 to 165.56 mg/g on Gr,
from 66.49 to 98.71 mg/g on PGO and from 934.7 to 1332.34 mg/g on FGO with an
increase in the concentration of sodium phosphate from 0.025 mol/L to 0.1 mol/L, which
might firstly suggest that the positive sodium ions could neutralize the negatively charged
surface of BSA and reduce the electronic repulsion among the BSA molecules. In this
case, the protein molecules could tightly arrange to each other on the surface of graphene
and then provide more available adsorption sites for extra proteins (Figure 23A).
Secondly, as a previous study reported, the adsorption of phosphate on the surface of
three types of graphenes might also provide extra adsorption sites for BSA. [180]
In addition, the adsorption capacities of BSA on Gr and PGO were much less than
theoretical model I, suggesting monolayer adsorption of BSA on graphene. This result
was consistent with BSA adsorption on CNTs. However, the adsorption capacity of BSA
on FGO was quite close to the theoretical value of Model I, indicating that different part
of BSA might interact with the surface of FGO. This might be the main reason that
Freundlich was better for the adsorption isotherm of BSA on PGO
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Furthermore, the adsorption capacity for LYZ on the three graphenes was in the order of
FGO > Gr > PGO, which was also consistent with the surface area. However, the
adsorption mechanisms controlled by the ionic strength for LYZ seemed to be different
than the mechanisms for BSA on GO. The adsorption capacity of LYZ on all three
graphene decreased from 4032.3 mg/g to 1896.87 mg/g on Gr, from average 1913.32
mg/g to 1114.38 mg/g on PGO and from 15749.91 mg/g to 12970.43 mg/g on FGO with
an increase in the concentration of sodium phosphate from 0.025 mol/L to 0.1 mol/L,
firstly suggesting that the free negative charged phosphate ions could neutralize the
positively charged surface of LYZ to reduce the electrostatic attraction force between the
LYZ and graphene. In addition, the free sodium ions could also aggregate the graphene
layers thereby reducing the available adsorption sites for LYZ protein (Figure 22B). In
addition, the hydrogen bond may also happen between the interface of LYZ and BSA on
FGO and PGO due to the high amount of functional groups on the surface of GO.
Interestingly, after surface normalization, the adsorption capacity of LYZ on the
graphene (17.59 mg/m2 on Gr, 12.40 mg/m2 on PGO and 25.91 mg/m2 on FGO) was at
least 10 times lower than it was on the CNTs (387.8 mg/m2 on HM, 516.3 mg/m2 on CM
and 699.0 mg/m2 on GM) in 0.05 mol/L phosphate solution. This result might suggest
that the available adsorption sites were increasing with more layers stacked on the surface
of CNTs due to the increasing radius of the coated LYZ and CNTs hybrids. However, the
adsorption sites on graphene kept constant all the time (Figure 23B). Hydrophobic and
electrostatic interactions may be the driving force causing sorption of LYZ on Gr, FGO
and PGO. In addition, the adsorption capacity of LYZ on graphene is at least 17 times
more than the theoretical values of Model II, suggesting that the multi-layer adsorption
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mechanism on the three types of graphenes occured. This result was also consistent with
LYZ adsorption on CNTs.
Further studies with TEM showed the morphology of two proteins, three types of
graphene and their hybrids in Figure 20. In order to study the LYZ corona formation on
the surface of graphene, 5% ethanol was added into the phosphate solution. The data for
two proteins in 0.025 mol/L phosphate solution are shown in Figure 20A (BSA) and 20B
(LYZ) and two proteins in 5% ethanol in phosphate solution were shown in Figure 20C
(BSA+5% ethanol) and 20D (LYZ 5% ethanol). Large size of LYZ aggregation in 5%
ethanol mixed phosphate solution was observed, but not for BSA, indicating that
hydrophobic environment could induce the formation of LYZ aggregation. In addition,
large LYZ aggregation was also shown in Gr, PGO and FGO with LYZ interactions
(Figure 20F, 20H and 20J), indicating that LYZ might aggregate in hydrophobic
ambience, which could be the one of main mechanisms of multilayer adsorption for LYZ
on three graphene.
Furthermore, the TEM images of Gr, PGO and FGO are also shown in Figure 20E, 20F
and 20G. The length of Gr was observed to be smaller than the length of PGO and FGO.
However Gr showed much thicker than the GO in 0.025 mol/L sodium phosphate
solution. Interestingly, both proteins seemed to be stacked along the side of graphene
wrinkles, which was reasonable because graphene wrinkles could provide an extra
hydrophobic surface for protein coating.
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Figure 20 TEM image for (A) BSA in 0.025 mol/L sodium phosphate solution; (B) LYZ
in 0.025 mol/L sodium phosphate solution; (C) BSA in 5% ethanol phosphate solution;
(D) LYZ in 5% ethanol phosphate solution; (E) BSA-Gr; (F) LYZ-Gr; (G) BSA-PGO; (H)
LYZ-PGO; (I) BSA-FGO; (J) LYZ-FGO.
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Figure 21 Adsorption isotherms of BSA and LYZ on GR, PGO and FGO in three
different concentration of phosphate solution (0.025, 0.05 and 0.1 mol/L). (A) BSA
adsorption on GR; (B) BSA adsorption on PGO; (C) BSA adsorption on FGO; (D) LYZ
adsorption on GR; (E) LYZ adsorption on PGO; (F) LYZ adsorption on FGO
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1

Table 8. Fitting results to adsorption isotherms of BSA and LYZ on the three graphene (Gr, PGO and FGO)
Langmuir model
protein

graphene

Phosphate

Q0 (mg/g)

Freundlich model
R2

Q0/Asurf

n

R2

Model I

Model II

kf

312.7

593.9

28.61 ± 3.74

2

(mg/m )
BSA

Gr

PGO

FGO

LYZ

Gr

PGO

FGO

25

135.57 ± 2.46

0.99

1.03

0.26 ± 0.02

0.88

50

144.26 ± 4.02

0.97

1.10

0.28 ± 0.03

0.85

28.97 ± 4.26

100

165.56 ± 5.97

0.95

1.26

0.31 ± 0.03

0.83

26.87 ± 4.77

25

66.49 ± 0.97

0.99

0.67

0.22 ± 0.02

0.88

50

98.71 ± 2.27

0.97

0.99

0.23 ± 0.03

0.78

22.92 ± 3.52

100

96.86 ± 1.90

0.97

0.98

0.2 ± 0.02

0.78

29.89 ± 3.76

25

934.70 ± 64.47

0.92

1.73

0.42 ± 0.02

0.98

50

1036.86 ± 60.74

0.95

1.92

0.45 ± 0.02

0.97

62.39 ± 8.40

100

1332.34 ± 88.36

0.94

2.47

0.44 ± 0.02

0.98

90.01 ± 10.12

25

4032.3 ± 113.05

0.99

40.61

0.4 ± 0.04

0.91

50

2314.29 ± 111.47

0.99

17.59

0.4 ± 0.03

0.92

62.06 ± 15.11

100

1896.87 ± 43.38

0.99

14.41

0.36 ± 0.03

0.92

59.23 ± 15.39

25

1913.32 ± 44.65

0.98

19.27

0.23 ± 0.03

0.84

50

1231.21 ± 32.27

0.96

12.40

0.19 ± 0.02

0.88

252.81 ± 41.73

100

1114.38 ± 21.87

0.98

11.22

0.17 ± 0.02

0.77

257.3 ± 50.74

25

15749.91 ± 124.78

0.99

29.15

0.18 ± 0.02

0.92

50

14001.71 ± 110.41

0.99

25.91

0.16 ± 0.02

0.89

3720 ± 572

100

12970.43 ± 180.92

0.99

24.01

0.15 ± 0.02

0.89

3873 ± 657.6

75

236.0

1280.8

178.4

134.6

730.5

448.2

2432.6

249.7

188.4

1022.7

17.61 ± 1.78

59.17 ± 6.04

80.93 ± 26.84

251.70 ± 59.34

3712 ± 515.1

A

- - - -

- - --

Electrostatic interaction

Graphene: Horizontal View

+

Na+
+

Na
Hydrophobic
Interaction

-

-

Na

+

Na

+

-

+

+

Na

Na

-

- -

Na

+

Na

+

-

+

Na

-

Na

+

+

Na

-

Na

-

+

Na

-

-

Graphene: Horizontal View

B

Graphene: Horizontal View

Figure 22 Schematic Diagram of protein arrangement on the surface of graphene as
affected by the ionic strength, (A) BSA adsorption on graphene (B) LYZ adsorption
on graphene.
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Figure 23 Schematic Diagram of LYZ adsorption on CNTs and graphene. (A) First
layer of LYZ adsorption on CNTs provide additional adsorption sites for extra LYZ
coated. The extra layer is shown in red dash line. (B) First layer of LYZ adsorption on
graphene provide an equal adsorption sites for extra LYZ.

Figure 24 Schematic Diagram of possible adsorption mechanisms for proteins on
graphene oxides.
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5.8 adsorption maxima of constant concentration of BSA and LYZ on GO as
affected by the ionic strength
In order to discuss the ionic strength influence on protein adsorption, the adsorption
maxima of 300 mg/L BSA and 8000 mg/L LYZ on three graphene with phosphate
concentration ranging from 0 to 100 mg/L were studied (Figure 25).
For BSA protein, the surface charge was approximately at -38 mV without phosphate
buffer and then increased to -15 mV in 0.1 mol/L sodium phosphate solution,
indicating that free positive sodium ions neutralized the negatively charged surface of
BSA (Figure 25B). However, the surface charge of Gr with 300 mg/L BSA hybrids
(approximately -38 mV) is higher than FGO (approximately -25 mV) and PGO
(approximately -19 mV) with BSA hybrids at the lower concentration of sodium
phosphate, respectively. This may suggest that at a lower concentration of sodium,
the functional group on the surface of FGO and PGO could first interact with the
BSA. However, with a high concentration of sodium, the surface charge of BSA and
three graphene hybrids were in the order of BSA-PGO > BSA-Gr > BSA > BSAFGO, where the surface charge of BSA-PGO and BSA-Gr hybrids are very close. It
may indicate that FGO after being coated with BSA may still have more functional
group on the surface on PGO. This result may explain the reason that the dispersion
of FGO and BSA was still sensitive to the free sodium ions. In addition, the
adsorption capacity keeps increasing with the increasing concentration of phosphate,
which is consistent with the surface charge changes of BSA and three graphene
respectively.

78

However, for LYZ, the surface charge kept decreasing approximately from +12 mV
without phosphate to -10 mV in 0.1 mol/L phosphate solution and reached zero at
approximately 60 mg/L, indicating that phosphate ions could neutralize the positive
surface of LYZ and even make it more negative. In this case, the adsorption capacity
of LYZ on GO decreased first with increasing concentration of phosphate to 0.06
mol/L and kept roughly constant after that, suggesting that the driving force of LYZ
on GO switched from electrostatic and hydrophobic interaction to hydrophobic
interaction at approximately 0.06 mol/L phosphate solution. However, the adsorption
maximum of LYZ on Gr was almost constant, indicating that electrostatic interaction
may not be the driving force for LYZ multi-layer adsorption on Gr.
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Figure 25 The surface charge and adsorption capacity of 500 mg/L BSA (A and B)
and 3000 mg/L LYZ (C and D) on Gr, PGO, and FGO in the concentration of
phosphate ranging from 0 to 100 mmol/L.
5.9 Dispersion of two types of GO in the presence of BSA and LYZ in 0.025, 0.05
and 0.1 mol/L phosphate solution
The GO dispersed a well dispersion in water due to the large content of oxygen on the
surface. In this study, the dispersion of FGO and PGO in presence of BSA and LYZ
in 0.025, 0.05 and 0.1 mol/L phosphate solution at first 60 mins was studied. At
0.025 mol/L phosphate solution, the

hydrodynamic diameter of both FGO

(approximately 300 nm) and PGO (approximately 350 nm) were relatively stable
(Figure 26A). However, an obvious aggregation of FGO (from 300 nm to over 600
nm) was observed in the presence of 0.05 mol/L sodium phosphate solution (Figure
26B) due to the large amount of free sodium ions and slightly aggregation of PGO
was observed from 300 nm to almost 400 nm, indicating that there might be more
functional groups on the surface of PGO than on FGO so that FGO behaved more
sensitive to sodium ions. In 0.1 mol/L sodium phosphate solution, both FGO and
PGO formed over 3500 nm aggregates in an hour (Figure 26C). In the presence of
300 mg/L LYZ in phosphate solution, LYZ-PGO formed approximately 3000 nm
aggregations after 60 mins in 0.025 and 0.05 mol/L phosphate solution. However, the
hydrodynamic diameter of LYZ-PGO increased to approximately 5000 nm in 0.1
mol/L phosphate. All the LYZ-FGO aggregations were much larger than PGO in
0.025 mg/L phosphate solution without LYZ. Compared with PGO, the dispersion of
FGO with 300 mg/L LYZ seemed to be more sensitive to the ionic strength. In 0.025
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mol/L phosphate solution, most of FGO-LYZ particles stayed approximately 4000
nm. However some of them were over 10000 nm. In addition, in the higher
concentration of phosphate solution, the aggregations of FGO and LYZ were
observed to be over 10000 nm at the very beginning of the adsorption process. In the
presence of high concentration (10000 mg/L) of LYZ, the particles size of PGO and
LYZ hybrids increased from approximately 4000 nm to 6000 nm and then decreased
from 6000 nm back to 4000 nm in the 0.1 mol/L phosphate solution, indicating that
the negative surface charge of LYZ might help to disperse the graphene. However,
different a trend was observed in LYZ-FGO dispersion. With increasing
concentration of sodium phosphate, the particles size kept increasing possibly
because the FGO was more sensitive to the positive sodium ions. Compared with 300
and 10000 mg/L LYZ with three graphenes, larger particle size was observed which
might due to the larger protein corona coated on the surface of graphene. In addition,
the particle sizes of LYZ and three graphene hybrids were much higher than those of
uncoated graphene in all three concentration of phosphate, indicating that the LYZ
might not be able to disperse the graphene, which was consistent with the LYZ and
CNTs dispersion.
On the other hand, BSA did a brilliant job of preventing graphene aggregation.
Compared with the particle size of PGO in 0.025 and 0.05 mol/L phosphate solution
(approximately 300 nm), the particle size of 300 mg/L BSA-PGO hybrids slightly
increased to 500 nm in all three concentration of phosphate solution. Furthermore,
PGO started to aggregate to 4000 nm in 0.1 mol/L phosphate solution in the absence
of BSA, while, little aggregation was observed in 10000 mg/L phosphate PGO-BSA
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hybrids solution. In addition, the aggregation of PGO was not shown in the high
concentration (10000 mg/L) of BSA solution and the hydrodynamic diameter of PGO
was similar in presence of both high and low concentration of BSA with all three
concentration of sodium phosphate solution. In this case, BSA as a buffer can prevent
the PGO aggregation effect of free sodium ions in the solution. First, this result
indicated that BSA would adsorb most of free sodium ions. Second, the negative
surface charge of BSA in 0.1 mol/L could prevent the aggregation by electrostatic
repulsion. Thirdly, the steric repulsion could be another reason for BSA-PGO
dispersion in sodium phosphate solution.
In addition, FGO aggregation still seemed to be sensitive to the sodium ions even in
the presence of BSA protein. In 0.025 mg/L phosphate solution, the hydrodynamic
diameter of BSA-FGO hybrids was a little greater than FGO only, which may due to
the BSA coated on the surface of FGO. Interestingly, FGO formed larger aggregates
in presence of low BSA than those without BSA in 0.05 mol/L phosphate solution.
This result suggested that 300 mg/L BSA may not be enough to disperse the FGO.
While, FGO aggregation was not observed in high concentration of BSA in 0.05
mol/L phosphate, indicating that high concentration of BSA could potentially
disperse the FGO in 0.05 mol/L phosphate solution due to the little free sodium ions
left in the solution. In 0.1 mol/L phosphate solution, the aggregation dynamic curves
for 300 mg/L BSA-FGO hybrids and FGO only seemed to be overlap. This result
further proved that low concentration of BSA might not be enough to disperse the
FGO. However, 10000 mg/L BSA seemed to be a good candidate to prevent the FGO
aggregation in 0.1 mol/L phosphate solution.
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Figure 26 Gr, PGO and FGO dispersion in presence of 10000 mg/L (high), 300 mg/L
(low) BSA and LYZ with 0.025 mol/L, 0.05 mol/L and 0.1 mol/L sodium phosphate
(P) solution.
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5.10 The secondary structure change of BSA and LYZ in presence of three types
of graphene
The secondary structure changes of BSA and LYZ after coating on the surface of the
three graphenes in 0.025 and 0.05 mol/L phosphate solution were investigated using
both FTIR and CD spectrometers. Secondary structures of BSA and LYZ were
quantitatively analyzed by an IR spectra multi-peak fitting program (Figure 28 and
29). The sub-peaks ranging from 1600 to 1700 cm-1 are β-antiparallel (1693 ± 2 cm-1),
β –turn (1682 ± 1 cm-1 and 1670 ± 1 cm-1), α-helix (1654 cm-1) and β-sheet (1637 ± 1
cm-1, 1624± 1 cm-1, and 1615± 1 cm-1), respectively. The fitting result showed that αhelical content of BSA in presence of 0.025 mol/L phosphate solution decreased from
62.5% to 56%, 48.3% and 31.6% after being coated on the Gr, PGO and FGO. While,
at the same time, the β-sheet content of BSA increased from 17.8% to 29.7%, 27.6%
33.1%, respectively.
On the other hand, in 0.05 mol/L sodium phosphate solution, the α-helical content of
BSA (53.4%) was lower than those in 0.025 mol/L. A similar trend was observed for
BSA coated on Gr (42.1%), PGO (36%) and FGO (31%). In addition, the β-sheet
content of BSA increased from 27.9% to 30.7% (Gr), 35..4% (PGO) and 47.8%
(FGO).
The α-helical content of protein in high concentration of phosphate solution was
higher than that in low concentration of phosphate solution, suggesting that high
concentration of sodium phosphate could potentially damage the α-helical content of
BSA.
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For LYZ in a low concentration of phosphate (0.025 mol/L), the α-helix content
decreased from 45.9% to 35.1% (Gr), 28.4 (PGO), and 24.6% (FGO), whereas, the βsheet content of LYZ increased from 28.9% to 35.9% (Gr), 37.8% (PGO), 33.8%
(FGO). On the other hand, in high concentration of phosphate solution (50 mg/L), the
α-helix of LYZ decreased from 48.1% to 30.6%, 29.9% and 23.4%, whereas, the βsheet of LYZ increased from 24.1% to 32.2%, 36.4% and 31.9%.
This result was similar to the results from CD spectrum (Figure 30). The peak at
approximate 208 nm showed the α-helical content of the protein. The α-helix of the
two proteins followed the same order of protein > protein-Gr > protein-PGO-proteinFGO.
Overall, the α-helix of both BSA and LYZ decreased after adsorption on the surface
of three graphene. In a previous study, it was reported that the hydrophobic pockets of
protein can open to the hydrophobic surface.[129] In this case, a hydrophobic surface
might have a greater influence on the secondary structure of the protein than a
hydrophilic surface did. However, in our study, the surface heterogeneity of mixing
hydrophobic surface and hydrophilic surface induced a change in the α-helical
content of the protein, indicating that the hydrophobic surface and functional group
on the surface might interact with the same molecules at the same time and stretch the
protein from the both sides of the protein. In addition, the β-sheet increased at the
same time. This result suggested that α-helical structure might not be stable on the flat
surface of graphene due to 3-dimentional spaces. Therefore, some of the α-helical
structures were lost during the adsorption on the graphene. In addition, some of the αhelical structure converted to the β-sheet structure, suggesting that greater stability of
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the β-sheet structure once attached to the flat surface due to the 2-dimential spaces
(Figure 31).
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Figure 27 IR spectra for BSA and LYZ on Gr, PGO and FGO in 0.025 mol/L and
0.05 mol/L sodium phosphate solution. Amide I is approximately at 1650 nm and
Amide II is around 1540 nm.
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Figure 28 IR spectra multi-peak analysis for (A) BSA; (B) BSA-Gr (C) BSA-PGO
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Figure 29 The secondary structure of BSA and LYZ with three graphene in 25 mg/L
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Table 9 The ratio of Amide I and Amide II (AI/AII) and the percentage of
secondary structure of BSA and LYZ for FTIR results analysis.
Conc.
of P
High
Phosp
hate

Low
Phosp
hate

BSA
BSA+Gr
BSA+PGO
BSA+FGO
LYZ
LYZ+Gr
LYZ+PGO
LYZ+FGO
BSA
BSA+Gr
BSA+PGO
BSA+FGO
LYZ
LYZ+Gr
LYZ+PGO
LYZ+PGO

βantiparallel
%

βturn
%

αhelix
%

unordered
%

βsheet
%

AI/AII

1.4
1.6
1.5
1.1
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1.5
1.3
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53.4
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3
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Figure 30 CD spectra for BSA and LYZ adsorption on the Gr, PGO and FGO in
presence of 25 mg/L and 50 mg/L sodium phosphate solution. α-helix of the protein is
approximately at 208 nm. FGO showed that greater damage to the α-helix than Gr
and PGO.
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Denaturation

Figure 31 Schematic diagram for α-helix coated on the graphene. 3-D structured αhelix may not be stable on the flat surface of graphene, while as, 2-D structured βsheet seemed to be more stable.
5.11 Conclusions for Project II
The adsorption of BSA and LYZ on GO is affected by the surface chemistry and
ionic strength (sodium phosphate). Free sodium ions could neutralize the negatively
charged surface of BSA and tightly arrange the BSA molecules on the surface of the
three graphenes. In addition, phosphate ions adsorbed on the surface of GO could also
provide extra adsorption sites for BSA. In this case, higher concentration of sodium
ions could increase the adsorption capacity of BSA on GO. However, for LYZ
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adsorption, free sodium ions could neutralize the negative surface of GO and make
the graphene layers fold together. In this case sodium ions could reduce the
adsorption sites for LYZ. In this case, higher concentration of sodium phosphate
solution will reduce the adsorption capacity of LYZ on graphene. This part strongly
suggested that the adsorption mechanism of BSA could include hydrophobic
interaction, electrostatic repulsion among molecules, hydrogen bonding and amide
bonding. However, the driving force for LYZ would be hydrophobic interaction,
which is also the main factor affected on the multi-layer adsorption. In addition, free
sodium could aggregate the GO by reduce the electrostatic repulsion among GO
layers without protein. However, BSA could disperse the GO into aqueous
suspension, and prevent the free sodium from aggregating the GO, while LYZ could
also aggregate the graphene layers. FGO could cause greater damage on the α-helix
content of the proteins, while Gr caused less. This indicated that the surface
heterogeneity of graphene could also influence the secondary structure of the protein.
In addition, compared to the α-helix, the β-strand component seemed to be more
stable on the surface of the graphene. This research would demonstrate the protein
and graphene hybrids behavior in aqueous solution and provide important information
in biomedical and chemical applications.
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